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Nutrition plays an essential role in promoting health and in preventing and 

treating diseases. Eating has always played an important role in human 

behavior. The function of eating in modern (western) society has changed in 

the past centuries. Eating is not only a functional necessity but has become 

one of the most popular pleasurable social behaviors in our society. 

Unfortunately this pleasure is not for all. For some people eating has 

become again a functional necessity. 

 

 

The stomach plays a crucial role in the digestion process. It is therefore not 

surprising that inadequate function of the stomach may induce upper 

abdominal symptoms, which are highly prevalent in the western society. 

Over the years the secretory function and more recently the grinding function 

of the stomach have been studied extensively. In the 80ties and 90ties the 

capacity of the stomach to store and to transport food from the proximal to 

the distal stomach received growing attention, which is largely due to the 

development of the barostat technique. The mechanical process underlying 

this typical function is termed gastric accommodation and is described as the 

response that provides a reservoir function by lowering gastric tone and 

thereby affecting intragastric distribution of the meal 1-3. The tone of the 

proximal stomach is adjusted in such a way that antral filling is kept constant 

until the meal has emptied from the stomach. The distal part, the so-called 

antrum, of the stomach is responsible for the grinding of the food to a particle 

size of about 2 mm. When food particles reach this size gastric emptying is 

initiated in a pulsatile rather than a constant fashion. Especially, the 

accommodation function of the stomach and the mechanisms that are 

involved in pulsatile transpyloric flow are being investigated in this thesis.   
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Physiology of gastric motor function 

 

Gastric emptying involves storage of the meal, mixing with gastric juice, 

grinding of the solid particles and the controlled delivery of chyme into the 

proximal small intestine. Understanding of the neuronal and mechanical 

factors that are responsible for transport of food into the small intestine is still 

limited. This is, at least in part, due to the technical difficulties associated 

with the investigation of human gastric motility. While most attention has 

been focused on net gastric emptying and on the number and amplitude of 

antral contractions, it is now recognized that spatiotemporal organization of 

the muscular activity of the total stomach and duodenum are important 

determinants of gastric function. The proximal region of the stomach is 

primarily concerned with the storage of food. Numerous animal and human 

studies have shown the complexity of the accommodation response to food 

intake. Gastric accommodation involves at least two responses: "receptive 

relaxation" which allows the stomach to accept a volume load without a 

significant rise in gastric pressure and "adaptive relaxation" which modulates 

gastric tone in response to the specific properties of the meal ingested. This 

process of gastric relaxation is vagally mediated both by extrinsic and 

intrinsic neural pathways resulting in activation of noradrenergic, 

noncholinergic and nitrergic nerves which influence the gastric 

accommodation response 4-7. To date, it is not entirely clear which factors 

contribute to the initiating of the accommodation response after meal 

ingestions. Some studies have reported that mechanical induced distension 

of the gastric antrum triggers relaxation of the proximal stomach 8. Other 

studies demonstrate that accommodation is induced by mechanical 

duodenal stimulation and/or by chemical stimulation 9-11. In this so called 

duodenal phase of the accommodation reflex cholecystokinin (CCK) might 

play an important role 11;12. Once the meal enters the more distal part of the 
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stomach it is subjected to irregular contractions with a frequency of about 2 

per min. The antral contractions play a major role in grinding of solid food 

particles. This antral motility works in conjunction with pyloric tonic and 

phasic activity and duodenal contractile activity. The interplay between the 

distal stomach, the pylorus and the proximal duodenum is crucial for the 

transpyloric flow that occurs in gushes. The volume and the timing of these 

gushes are likely to depend on the capacity of the small intestine to absorb 

nutrients, although this is not formally addressed. An important limitation of 

the currently available data on gastric motor activity is that most studies have 

used invasive techniques, which potentially affects normal physiology. The 

search for novel non- or minimal invasive techniques is, therefore, key for 

further refinement of our knowledge of gastric physiology and 

pathophysiology.  

  

Functional Dyspepsia 

 

Although unraveling the physiology of the human stomach is not per se of 

interest to clinicians or clinical scientists, it becomes an interesting issue 

when it, at the same time, increases our knowledge of factors that contribute 

to dysfunction of the human stomach resulting in upper gastrointestinal 

symptoms. General practitioners and gastroenterologists frequently 

encounter patients with chronic upper abdominal symptoms that are thought 

to find its origin in the stomach, so-called functional dyspepsia. The 

prevalence of functional dyspepsia is about 5% in the Dutch population.  

After many consensus meetings and many changes in the definition of 

functional dyspepsia, it is currently defined as persistent or recurrent 

epigastric pain or discomfort (fullness, early satiation, epigastric burning), 

centered in the upper abdomen with no evidence of structural disease 

(including at upper endoscopy) that is likely to explain the symptoms 13;14. 
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Typically, functional dyspepsia is not accompanied by endoscopic, 

ultrasonographic or biochemical abnormalities. Currently, there are three 

pathophysiological mechanisms that are most likely to be related to 

functional dyspepsia: delayed gastric emptying, heightened visceral 

perception and impaired gastric accommodation 14-19. To date, many studies 

have demonstrated impaired gastric accommodation in a subset of patients 

with functional dyspepsia 15;16;20-23, but also in patients with rumination 

syndrome 24;25 and diabetes mellitus 26-28 and post fundoplication 29;30. The 

first studies that suggested impaired accommodation used scintigraphic and 

ultrasonographic techniques to investigate the gastric relaxation after a meal 
20;31. Later performed more elegant barostatic studies confirmed these 

results 15;16;21;32-34. Interestingly, the causal relationship between impaired 

accommodation and upper gastrointestinal symptoms in functional 

dyspepsia remains matter of debate. Tack et al. reported that impaired 

gastric accommodation is associated with upper gastrointestinal sensations 

such as early satiety and weight loss using the barostat 15. However, this 

could not be confirmed by others using modalities such as the SPECT-

technique 35. Moreover, the results of studies investigating the effects of the 

drugs that influence gastric accommodation and lower gastrointestinal 

symptoms at the same time are limited and conflicting 36-44.    

 

Measurement of gastric accommodation or gastric volumes 

 

In the past decade several techniques have been developed to assess the 

accommodation reflex in both health and disease states. While the gold 

standard, the barostat, is the only method that measures actual gastric 

accommodation, several non-invasive imaging techniques have been 

developed to measure gastric volume changes as a reflection of gastric 
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accommodation. Each of the methods used have specific advantages and 

disadvantages. 

 

Gastric Barostat  

 

The gastric barostat is the first technique that was developed to measure the 

gastric accommodation response in humans. The barostat allows evaluating 

pressure changes under isovolumetric or volume changes under isobaric 

conditions. This technique uses a transorally positioned polyethylene bag 

that is placed in the proximal stomach and connected to a barostat device.  

The device is designed to keep the pressure constant in the intragastric bag 

by inflating or deflating air in response to changes in proximal gastric tone. 

Under isobaric conditions the volume increases in the balloon after meal 

ingestion, which reflects gastric relaxation and therefore provides a measure 

for meal-induced accommodation. A disadvantage of this technique is its 

invasive nature and limits its use in daily clinical practice. Part of this thesis 

will address the invasive nature of this method and its potential influence on 

the normal gastric physiology 45. 

 

Single-Photoemission Computed Tomography (SPECT)  

 

In the last couple of years SPECT has been used as a new non-invasive 

technique to investigate gastric accommodation 25;46-50. The technique is 

based on tomographic images of 99mTc-pertechnetate-labeled gastric 

mucosa, which are obtained using a dual head gamma camera system 50. 

Dedicated software enables 3-dimensional reconstruction of the images and 

allows the calculation of gastric volumes. Images can be acquired both in 

fasting and postprandial periods (figure 1). Accommodation is measured by 

comparing fasting and postprandial measurements 47;50.  Bouras et al 
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demonstrated a good relationship between gastric volumes measured with 

SPECT and simultaneous performed barostat 51, however these results 

could not be confirmed by another validation study 49;52. Head-to-head 

comparisons between the two methods are yet to be performed. 

 

 

 

Figure 1. Outlines of fasting and postprandial stomach, constructed from transaxial SPECT 

images using Analyze Software (Kuiken et al, Am J Physiol Gastrointest Liver Physiol, Dec 

1999) 

 

Negative sides to this technique are the limited time frame in which 

measurements can be performed, due to the short interval after the isotope 

injection and the relatively long duration of one measurement (approximately 

30 minutes). Furthermore, the relatively high exposure to radiation creates 

limitations to use this method in a wide range. 

 

Magnetic Resonance Imaging (MRI)  

 

MRI is a safe and accurate technique to image the entire stomach which has 

already been used to measure gastric emptying and motility.  
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Recently it has been introduced as a technique to measure gastric 

accommodation 53-55 (figure 2). Advantages of this method are that it is non-

invasive and it does not exposes the subject to radiation. After a gadolinium 

labeled meal it allows measurement of gastric anatomy, motility and volume 
53;56. 

 

 
 

Figure 2. Transaxial magnetic resonance image following intragastric infusion of 500 ml of a 

labelled liquid meal. Meal volume is seen as a white and air as a black area (image generously 

made available by Dr. W. Schwizer, University and ETH Zurich, Switzerland). 

 

Recently a significant correlation between gastric volumes assessed by MRI 

and barostat was established. Disadvantages of the method are high costs 

that are involved with MRI studies and the supine position of the subject, 

which is for most people nowadays not the physiological position during and 

directly after a meal. 
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3-dimensional ultrasonography (3DUS) and Doppler ultrasonography 

 

Ultrasonography has been introduced as a cheap, widely available non- 

invasive technique to measure gastric volume changes, both fasting and 

postprandially 31. Using this technique a 2-dimensional sweep is performed 

to visualize the stomach from fundus to pylorus 31;57-59. During this sweep 

approximately 400 sagittal images are digitized and stored.  

During all sweeps the position and the orientation of the US probe are 

recorded continuously by a magnetic tracker system. A dedicated software 

program is then able to calculate images of the transverse and longitudinal 

planes resulting in a 3-dimensional image of the stomach. Earlier studies 

performed in Bergen (Norway), demonstrated an excellent intra- and inter-

observer variability using this technique 57;58;60. Apart from volume 

measurements the equipment allows the recording of transpyloric flow when 

the probe is placed in a plane across the pylorus. This technique has been 

used to study the relationship between gastric wall motion and transpyloric 

flow (Hausken et al.). However, the pressure gradients needed to induce 

transpyloric flow and their underlying motor mechanisms are largely 

unknown. Disadvantages of the ultrasonographic technique are low imaging 

quality due to air in the stomach or lower parts of the gastrointestinal tract. 

Furthermore, the technique is dependent on the echogenicity of the subject. 

In this thesis we used the 3DUS and Doppler system to investigate fundal 

accommodation and transpyloric flow in health and disease.  

 

The investigation and management of dyspepsia continues to stimulate 

interest among gastroenterologists. Reasons for this high level of interest are 

easy to identify: dyspepsia is a common problem, and patients with 

dyspeptic symptoms represent a substantial part of every gastroenterologists 

clinical practice. Clinical judgments about the diagnosis, appropriate 
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investigation and management are often far from easy. Even when all 

accessible diagnostic resources have been utilized, many dyspeptic patients 

appear to have no disease process or pathology to which their symptoms 

can be attributed. Many physicians feel slightly uncomfortable when the time 

comes to explain to these patients the result of their investigation, the 

diagnosis being made, and the therapy proposed. This clinical entity – 

functional dyspepsia – presents a considerable challenge at both the 

intellectual and scientific levels, and in the context of everyday clinical 

practice. This thesis addresses a new technique and point of view in the 

challenge to unfold the mystery of the pathophysiological mechanisms that 

lead to functional dyspepsia. 

 

 

The following questions will be addressed in this thesis: 

 

1. Is there a relationship between gastric accommodation and 

gastrointestinal sensations in healthy subjects?  

2. Does the presence of the intragastric barostat bag affect proximal 

and distal gastric physiology? 

3. Is proximal gastric accommodation measured using 3-dimensional 

ultrasonography comparable to barostatic acquired data?  

4. Is 3-dimensional ultrasonography of the human stomach a 

reproducible technique? 

5. What is the driving force of transpyloric flow after ingestion of a  

 low- and high-caloric liquid nutrient? 

6. Is the lag phase observed using scintigraphic gastric emptying test 

resembling a true physiologic phenomenon? 
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ABSTRACT 

 

The barostat is the gold standard for measurement of proximal gastric 

accommodation. Ultrasonography can be used to measure gastric volume. 

Aim was to investigate effects of the barostat bag on gastric accommodation 

and transpyloric flow. Accommodation after a liquid meal (300 ml, 450 kcal) 

was measured twice at random in 8 healthy volunteers. Proximal 

accommodation was measured once using barostat (BS) and once using 

ultrasound (US). Antrum accommodation was measured using US. Bag 

volume (BV), antral area (AA), proximal gastric area (PGA) and proximal 

gastric diameter (PGD) data were assessed before and 1, 5, 15, 30, 40, 50 

and 60 min postprandially. Transpyloric flow was measured using Doppler 1-

5 minutes postprandially. Fasted, AA size was not affected by the barostat 

bag (1mmHg>MDP) (2.7(0.5) vs. 2.6(0.3) cm²). Postprandially AA’s were 

larger with the bag present (ANOVA, p<0.04). Maximum AA was reached 

with the bag 5 min, without 1 min postprandially (15.1±2.3 vs. 9.4±1.5 cm², 

p<0.03). Furthermore AA’s were related to BV’s (r=0.57, p<0.01). After bag 

deflation, AA decreased (11.9±1.8 to 7.0±0.9 cm², p=0.02) and was 

comparable to the 60 min AA size without the bag (7.1±1.2 cm², p=0.76) 

present. Proximal gastric radius calculated from the BV’s and PGD’s was 

larger with the bag present (ANOVA, p<0.001). No effect on early gastric 

emptying was observed. Postprandial the barostat bag causes dilatation of 

the antrum, due to meal displacement without influencing early gastric 

emptying. This antral dilatation is likely to induce exaggerated proximal 

gastric relaxation observed in studies using the barostat to evaluate fundic 

accommodation. 
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INTRODUCTION 

 

The accommodation response to meal ingestion is a reflex, which facilitates 

the ingestion of solids or liquids without inducing dyspeptic symptoms. 

Recent studies have shown that impaired accommodation of the stomach, 

especially reduced fundus relaxation, is one of the pathophysiological 

mechanisms in functional dyspepsia 1-3, post-fundoplication dyspepsia 4, 

rumination syndrome 5, post-vagotomy /gastric surgery 6, and diabetes 

mellitus 7;8. The reduced fundus accommodation response in these 

conditions appears to contribute to dyspeptic symptoms, especially early 

satiety and weight loss 1. At present, the gold standard for the measurement 

of accommodation involves placement of a polyethylene bag into the 

stomach and linking it to a barostat device 6  to measure intragastric volumes 

at a low constant "operating" pressure in fasting and postprandial periods. 

The presence of a bag in the proximal stomach has been shown to affect the 

rate of gastric emptying 9. The intragastric bag may also influence the 

accommodation response after meal ingestion by displacement of the 

ingested meal. Up to date this has not been investigated. Recently, several 

studies reported the use of a non-invasive technique, such as MRI 10, 

SPECT 11;12 and ultrasonography to measure gastric volumes 13-16. Volume 

measurements performed with ultrasonographic techniques produce 

accurate estimations of actual volumes of both solid organs and hollow 

organs, such as the stomach 17;18. Using this technique the gastric fundus 

relaxation was shown to be impaired, although less in magnitude, in a 

subset of patients with diabetes mellitus and functional dyspepsia 8;15;19. The 

aim of the present study was to investigate the effects of an intragastric bag 

on the accommodation response of the gastric fundus and antrum and on 

early gastric emptying in healthy human. 
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MATERIALS AND METHODS 

 

Subjects 

Eight healthy volunteers (three male and five women; mean age 23, age 

range 18-25 years, mean weight 68 kg) without any gastrointestinal 

symptoms or previous gastrointestinal surgery or disease were included in 

the study after giving written informed consent. The protocol was approved 

by the ethics committee of the University Medical Center Utrecht. 

 

Test meal 

The meal that was used was a 300 ml liquid Nutridrink (1.5 kcal/ml, 

Nutridrink, Nutricia, Zoetermeer, Holland) which contained 10.0 g protein, 

13.0 g fat and 29.0 g carbohydrate. 

 

Experimental design 

All subjects were studied twice on two separate days in random order. On 

one study day proximal gastric accommodation was studied using the 

barostat and distal gastric accommodation using ultrasound. On the other 

study day accommodation of the proximal and distal stomach was studied 

using ultrasound only. Studies were performed at 9.00 AM after an overnight 

fasting. The subjects were placed in a sitting position leaning slightly 

backward (at 120° angle). 

 

Measurement of gastric accommodation 

 

With barostat bag present in stomach 

A polyethylene bag with a maximum capacity of 1000-ml attached to a 

double lumen tube (Ventrol, 18Chx120cm) was introduced into the proximal 

stomach transorally. After introduction the bag was unfolded by manual 
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inflation of 200-ml of air and thereafter completely deflated. The tube was 

then connected to the barostat device. After a 15-minute resting period 

Minimal Distension Pressure (MDP) was determined by increasing the 

pressure of the barostat in 1-mmHg increments. MDP was defined as the 

lowest pressure level that provided a mean intrabag volume of 30 ml 2,18 . 

Then pressure was increased 1 mmHg above MDP for the remainder of the 

study. A 15-minute equilibration period was followed by a baseline recording 

of 15 minutes and ingestion of the liquid meal within 2 minutes. Barostat bag 

volumes were monitored at MDP+1 mmHg for another 60 minutes. All 

volume and pressure recordings were stored in the PC. After 60 minutes the 

bag was deflated and removed. During the barostat procedure antral area 

(AA) was measured before the bag introduction, before the meal and at 1, 5, 

15, 30, 40, 50, 60 minutes after the meal. For this a standard duplex 

ultrasound scanner (Esaote AUS, Pie Medical, Maastricht, The Netherlands) 

with a 5 MHz probe was used. The antral area (AA) was measured in a 

standardized sagittal section in which the antrum, the superior mesenteric 

vein and the aorta were visualized simultaneously 19.  The outer profile of the 

muscularis propria was outlined and the area calculated automatically using 

the built-in caliper and calculation program of the ultrasound scanner. Data 

were expressed in square centimeters (cm²).  All ultrasound measurements 

were carried out by one investigator and each ultrasound measurement at 

each time point was performed twice. The mean of the two measurements 

was used for further analysis. 

 

Without barostat bag in the stomach 

The proximal stomach relaxation was assessed by ultrasound using two 

ultrasonographic sections, the proximal gastric area (PGA) and the proximal 

gastric diameter (PGD). PGA and PGD data were acquired at 1, 5, 10, 15, 

30, 40, 50 and 60 minutes postprandially. The PGA was measured in a 
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sagittal plane, with the left renal pelvis in a longitudinal projection, the left 

liver lobe and the pancreas tail as landmarks(15;16). The PGA was outlined by 

tracing from the top margin of the fundus and 7 cm downward along the axis 

of the stomach 19 and automatically calculated by the scanner and expressed 

in cm²  16. Then the transducer was rotated 90° clockwise to obtain an 

oblique frontal section where the left hemidiaphragm, the top margin of the 

fundus and the liver parenchyma served as landmarks. In this view the PGD 

was calculated (kept within 7 cm along the axis of the proximal stomach) 

16;19.  AA was measured at the same time points as used in the study with 

the barostat bag present in the stomach. 

 

Transpyloric flow 

In both studies transpyloric flow was measured using Doppler 1 to 5 minutes 

after finishing the meal. The first minute after the meal was used for the 

ultrasonographic AA, PGA, and PGD measurements. Transpyloric flow was 

studied with the ultrasound probe positioned at the level of the transpyloric 

plane with the antrum, the pylorus and the proximal duodenum visualized 

simultaneously 20;21. The sample volume of the pulsed Doppler was 

positioned across the pylorus, and the angle between the Doppler beam and 

the transpyloric direction of flow was always < 60º. The following variables 

were measured: 

 

1 Time to first gastric emptying:  

Defined as the first occurrence of gastric emptying (GE) after start of drinking 

the liquid nutrient. An episode of gastric emptying is defined as flow across 

the pylorus with a mean velocity of more than 10 cm/sec lasting more than 1 

sec 20,21. 
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2 Number of gastric emptying episodes:  

The total number of GE’s occurring in the 5-minute period. 

 

3 Duration:  

Total duration of one gastric emptying episode. 

 

Data Analysis 

Data are presented as mean values ±SEM. Accommodation variables were 

compared using a parametric paired test. A multivariate ANOVA method was 

used to evaluate the effect of the repeated measurements over time, the 

effect of the barostat bag and the interaction between them. Correlation 

coefficient was calculated using the bivariate correlation method to express 

relationship. Significance was accepted at the 5% level. For comparison of 

both types of proximal accommodation data (bag volumes (ml) and PGD 

(mm)) a calculation of fundal radius was performed. Radius data of bag 

volumes were calculated using the formula v= 4/3π*r³, while r=0.5*d was 

used for radius calculation of the PGD assessed by US. All statistical 

analysis was performed with SPSS 8.0 for MS Windows (SPSS Inc.). 

 

RESULTS 

 

Both procedures were well tolerated by the healthy volunteers and all 8 

volunteers completed both studies. 

 

Antral Area 

Figure 1 shows a typical example of the maximum antral area in a volunteer 

with and without the barostat bag in the proximal stomach.
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In the fasting state the antral area was not affected by the presence of an 

intragastric bag at a pressure of MDP+1mmHg (US+Baro: 2.7±0.5 vs. US-

Baro: 2.6±0.3 cm², p=0.68). In contrast, after ingestion of the meal the 

presence of the barostat bag increased the AA significantly (ANOVA, 

p<0.04) (fig.2). 

 

 

 

 

Figure 1. Typical example of an ultrasonographic measurement of the antral area  (a) within one 

volunteer. Both images show the typical landmarks (liver (b) , superior mesenteric vein (c) and 

aorta (d)). The left image demonstrates an antral area 15 min postprandially with a barostat bag 

in the proximal stomach, the right without this bag present. 

 

This increase was observed immediately after meal ingestion (5 minutes 

postprandial) and lasted throughout the entire study period. Maximum AA 

with the barostat bag present (15.1±2.3 cm²) was reached 5 minutes 

postprandially, whereas maximum AA without the barostat (9.4±1.5 cm²) was 

reached 1 minute after finishing the meal. After 60 minutes the bag was 

deflated which resulted in a significant decrease in antral area from 11.9±1.8 

cm² to 7.0±0.9 cm² (P=0.02). This was comparable to the AA size at 60 

minutes in the study without the intragastric bag present in the proximal 

stomach (7.1±1.2 cm², P=0.76). 
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Figure 2.  Mean antral area (AA) measured by ultrasound with (diamonds) and without 

(squares) the barostat bag present in the proximal stomach. Antrum size is comparable before 

the meal (fast), however directly after the meal there is a significant difference in size 

(ANOVA<0.04). After 60 minutes the barostat bag is emptied (EB) and antral area size 

decreases and becomes comparable to the 60 min size of the ‘without bag’ measurement. 

Arrows indicate when the meal was ingested and when the bag was deflated 

 

Proximal gastric accommodation 

Proximal gastric relaxation was observed in all subjects by the barostat. The 

mean MDP was 6.8±0.5 mmHg. The mean maximum volume of the bag was 

637.8±67.7 ml and was observed 30 minutes after meal ingestion (fig.3A). 

The ultrasonographically acquired proximal gastric area (PGA) and proximal 

gastric diameter (PGD) increased in size after ingestion of the liquid nutrient 

indicating a relaxation of the proximal stomach. This relaxation remained 

constant over the 60-min period (fig.3B). Comparing proximal 

accommodation with and without barostat bag present by calculating mean 

radius from both studies resulted in a significantly larger radius in the study 

with the barostat bag in the gastric fundus (ANOVA, p<0.001) (fig.4). This 

more than twofold size difference was observed throughout the entire study 



 

34 

    

period. A significant correlation could be observed between antral area and 

barostat bag volume (r=0.57, p<0.01), however a very weak but significant 

negative correlation could be observed between AA and PGD (r=-0.28, 

p=0.04).  

 

Transpyloric flow 

Doppler tracings from 1-5 minutes after the meal were analyzed on the three 

parameters mentioned above.  No differences were observed within a 

subject and also no difference could be observed between the two studies 

(with and without barostat bag) in TGE (68.3±22 vs. 141.4±62 sec, p=0.25), 

NGE (3.75±0.8 vs. 3.69±0.9, p=0.92) and DUR (4.8±0.6 vs. 4.6±0.3 sec, 

p=0.77) during the first 5 minutes after the meal 

 

DISCUSSION 

 

In the present study we showed that the gastric antrum and proximal 

stomach are larger in size after ingestion of a liquid meal when a barostat 

bag is present in the gastric fundus, while no effect of the barostat bag on 

antral area was observed in fasting state. In contrast, to the effect of the 

intragastric bag on antral size in the postprandial state, no effect was 

observed on early gastric emptying. In this study, as in others, a pressure of 

1 mmHg above MDP in the intragastric bag induced a relaxation of the 

proximal stomach in order to accommodate a volume of about 140 ml in the 

intragastric bag. At this MDP+1 mmHg pressure level the intragastric bag 

had no effect on antral size. In contrast, after ingestion of the liquid nutrient 

antral area was found to be almost doubled compared to the situation 

without the bag present in the gastric fundus. 
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Figure 3. Proximal gastric relaxation: (A) Intragastric bag volume change measured by the 

barostat. (B) Ultrasonographic measured proximal gastric diameter (diamonds)(PGD) and 

proximal gastric area (squares)(FA). 
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Figure 4. This bar-figure shows the result of radius calculations. The black bars show the radius 

of the proximal stomach calculated from the proximal gastric diameter, whereas the shaded 

bars show the radius derived from barostat bag volumes. 

 

In contrast to the observations by Ropert et al, the intragastric barostat bag 

did not affect early gastric emptying, suggesting that the increased antral 

area is attributable to gastric, as opposed to duodenal mechanisms. Indeed 

it is conceivable that the pressure exerted by the barostat bag on the 

proximal stomach induced redistribution of the meal, thereby distending the 

gastric antrum. Supporting this explanation is the observation that antral 

area declined after the barostat bag was deflated. Typically, placement of a 

barostat bag in the stomach results in an overrelaxation of the proximal 

stomach. In our study ingestion of 300 ml liquid nutrient resulted in a 

maximal relaxation of the proximal stomach of about 640 ml. Relaxation of 

the proximal stomach can be the result of activation of mechanoreceptors in 

both the fundal 2 as well as the antral 22 region of the stomach. Activation of 

these receptors have shown to induce local or vagally mediated reflex 

pathways resulting in adaptive relaxation of the stomach 23;24. In addition, 
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relaxation of the proximal stomach may result from activation of mechano- 

and chemoreceptors at the level of the duodenum 25. Chemoreceptors are 

activated by a variety of substances such as acid, fat and glucose 26;27. In 

contrast to our observations Ropert et al. reported faster gastric emptying in 

barostat studies, which favors activation of duodenal-gastric pathways as a 

possible explanation for the increased relaxatory response in barostat 

studies. However, our results show that transpyloric flow was not affected by 

the barostat bag in the early gastric emptying period, which suggests that 

this mechanism is less important in the initial phase of the stomach 

relaxation observed during barostat studies 9. Ongoing activation of fundal 

mechanoreceptors as an explanation for the observed relaxation is also 

unlikely since the volume in the barostat bag was constant at a pressure 

level of 1 mmHg above MDP in the fasting state, which was similar to the 

pressure level of the postprandial period. In our opinion the most likely 

explanation for the overrelaxation of the proximal stomach is displacement of 

the meal toward the distal stomach causing antral size to double, thereby 

activating antral mechanoreceptors. Intragastric air can potentially limit 

visualization of gastric outline by ultrasound. However our studies, using the 

technique described by Gilja et al, in seated position were not limited by air-

fluid interfaces. These findings are in concordance with the results Gilja et al 

presented 14-16 and encourages the use of 2D and 3D ultrasonography in 

studies of the stomach. Future studies using these techniques might clear up 

some questions relating functional gastric disorders. Several studies 

reported a larger antral area in a subgroup of patients with functional 

dyspepsia 28;29. Those findings taken together with our observations suggest 

that the gastric antrum plays an important role in both symptom generation 

and impaired relaxation of the proximal stomach in patients with functional 

dyspepsia. 
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In conclusion; the intragastric barostat bag effects the normal 

accommodation response. These findings suggest that the results from 

studies investigating proximal gastric accommodation using the barostat 

technique may need to be reevaluated 
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ABSTRACT  

 
3D ultrasonography is a new, non-invasive technique to measure gastric 

volumes.  Our aim was twofold: [A] In vitro: Compare 3D measured volumes 

to true volumes. [B] In vivo: Investigate reproducibility of gastric volumes in 

human. Ultrasonographic images were acquired using the sweep technique. 

Partial volumes were calculated from 3D Datasets. [A] The 3D setup was 

validated using 16 water-filled balloons, which were randomly scanned. 

Secondly pig stomach volumes were measured, filled with different amounts 

of liquid meal. [B] Gastric volumes were measured twice in 12 healthy 

volunteers, after a low-caloric drink. Results: Mean difference between 

calculated and true balloon volumes was  5.7±2.9 ml (1.2±0.8%) and 

demonstrated a correlation of r=0.99 (p=<0.001. Pig stomach measurements 

showed a mean difference of 9.2±9.4 ml (1.3±3.9%) and a correlation of 0.98 

(p<0.001). The 12 subjects showed a wide volume range (134-539 ml). 

However total and partial gastric volumes assessed during experiment 1 and 

2 were strongly related. (Total: r=0.94, p<0.001; Proximal: r=0.88, p<0.001; 

Distal: r=0.90, p<0.001). Conclusions: Our 3D setup measures volumes 

reliably both in vitro and in vivo. Gastric volumes after a low-caloric drink 

demonstrate large inter subject variability. However, intra subject variability 

was low, therefore reproducibility is high using 3D ultrasonography. 

 

INTRODUCTION 

 

The human stomach can be divided into a proximal and distal part based on 

its function. Although they act in conjunction, the two parts play different 

roles in the gastric physiology 1. The proximal stomach has a reservoir 

function, while the distal part generates strong phasic contractions and has a 

grinding and transit function 2. Under physiological circumstances ingestion 

of a meal generates a reflex which lowers gastric tone and affects 
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intragastric distribution of the meal. This adaptive relaxation, gastric 

accommodation, is vagally mediated both by extrinsic and intrinsic neural 

pathways. The gold standard for the measurement of gastric accommodation 

is the barostat 3. It measures intragastric volumes at a low constant 

"operating" pressure in fasting and postprandial periods using an intragastric 

polyethylene bag.  However, the presence of a bag in the proximal stomach 

has been shown to affect the rate of gastric emptying 4 and  increases distal 

and proximal gastric volume indicating that the intragastric bag influences 

the magnitude of the accommodation response after meal ingestion 5. These 

observations, its invasive nature and the fact that the barostat does not 

provide information of distal gastric volumes led to the development of other, 

less invasive techniques such as MRI 6;7, SPECT 8-10 and ultrasonography 11-

14 to measure gastric volumes as a reflection of gastric accommodation 14. 

Ultrasonography is established as a clinical method with high applicability in 

diagnostic and prognostic evaluation of patients. Assessment of gastric 

volume by ultrasonographic techniques produce accurate estimations of 

actual volumes of both solid organs and hollow organs, such as the stomach 
15;16. Two-dimensional ultrasonography has already been used to quantify 

the antrum size (antral area) 17;18, fundal area and fundal diameter 13;14.  The 

implementation of three-dimensional (3D) reconstruction of the stomach 

enables the investigator to calculate total and partial gastric volumes thereby 

improving anatomical and (patho-) physiological understanding of stomach 

behavior in response to a meal. 3D ultrasound (3DUS) has already been 

tested in vitro both on phantoms and on abdominal organs 16;19;19-21 . In the 

present study we aim to study and validate our 3D soft- and hardware set-up 

with two in-vitro studies. Secondly we aim to study the reproducibility of 

gastric accommodation using 3DUS by measuring gastric volumes after a 

low- caloric drink in healthy volunteers  at two separate occasions.  
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MATERIALS AND METHODS 

 

Volume measurements using three-dimensional ultrasonography 

 

A standard ultrasound scanner (Esaote-Pie Medical, Maastricht, The 

Netherlands) with a 3.5 MHz curved probe with an attached position sensor 

was used for this study. The tip of the probe was placed 1 cm under the 

water surface of a reservoir (study I) or on the abdominal wall (study II) and 

the item of interest was localized. With a fluent left-to-right lateral movement 
15;16;20;22 the object was visualized. During this sweep approximately 400 

sagittal images were digitized and stored into the PC using InVivo ScanNT® 

software (MedCom GmbH, Darmstadt, Germany). During all sweeps the 

position and the orientation of the US probe were recorded continuously by a 

magnetic tracker system. This system consists of a transmitter generating a 

pulse magnetic field and a receiver (sensor) attached to the US probe, 

defining position and orientation in relation to the transmitter. The tracker 

transmitter was positioned at a maximum of 60 cm distance from the item.  

Using dedicated software (InVivo, MedCom GmbH, Darmstadt, Germany) 

the computer calculated images of transverse and longitudinal planes on the 

basis of the information in the sagittal images and the measured position 

and orientation of the US probe. Regions of interest (ROI) were then drawn 

using the original sagittal US images. The ROIs were constructed using the 

outer profile of the item. After delineation of the item in the sagittal plane, the 

computer calculated ROIs in the other two planes and created a 3D image of 

the item. Using this 3D reconstruction the total volume was calculated.  
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In-vitro studies:  

 

I “Balloon” volume measurement  

16 water filled balloons were filled with different amounts of water (50-1125 

ml) and were single blindly scanned by the three-dimensional 

ultrasonography. Therefore one balloon after the other was placed in a water 

reservoir. Hereafter the tip of the ultrasound transducer was placed below 

water level and a fluent movement was performed over the balloon. Sagittal 

images of the balloons were recorded and together with the tracking 

information stored in the personal computer. The recorded images were 

coded and analysis was performed blinded. Regions of interest (balloon wall) 

were manually drawn and total balloon volumes were calculated and 

compared to actual volumes. 

 

II “pig stomach” volume measurement 

For this study a stomach of a fully-grown pig was used. The stomach was 

taken out immediately after sacrifice of the pig. The stomach was tied off free 

of leakage at the level of the pylorus and lower esophageal sphincter (LES). 

Through the distal part of the esophagus and LES a catheter was placed 

with its filling tip within the stomach. Through this catheter different amounts 

of a Nutridrink® (Nutricia, Zoetermeer, The Netherlands) and water (2:3) 

mixture were injected in the stomach. All air was removed from the stomach 

and the tube system itself was filled with fluid. The stomach was placed in a 

water reservoir and the stomach was measured using the sweep technique 

as described in the balloon study. The first sweep was performed with an 

empty stomach and hereafter in steps of 50 ml, up to 500 ml, gastric 

volumes were measured. The recorded images were coded and analysis 

was performed blinded. The estimated volumes were compared to true 

volumes. 
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In- Vivo study: Reproducibility  

 

Gastric volume measurements in healthy volunteers 

During acquisition the probe was placed on the abdominal wall to localize 

the entire stomach. With a fluent left-to-right lateral sweeping movement the 

stomach was visualized from fundus to pylorus. During this sweep about 400 

sagittal images were digitized and with the information of the tracking device 

stored into the PC using InVivo ScanNT software (MedCom GmbH, 

Germany).  Together with the information of the tracking device, images of 

all three planes were visualized.  Within the original sagittal images regions 

of interest (ROI) were constructed using the outer profile of the muscularis 

propria of the gastric wall. After delineation of the stomach in the sagittal 

plane, the computer calculated ROIs in the other two planes creating a 3D 

image of the stomach. Using this 3D reconstruction, total and partial gastric 

volumes of the stomach were calculated. The proximal gastric volume was 

calculated using a dividing plane 10 cm from the diaphragm downward 

perpendicular to the longitudinal axis of the stomach. The gastric volume 

within this 10-cm region represented the proximal part. The distal volume 

was calculated by constructing a plane perpendicular to the antral axis at the 

point where the antrum, liver, superior mesenteric vein and the aorta are 

observed simultaneously. The gastric volume from this plane to the pylorus 

represented the distal part. The volumes of the proximal and distal parts 

were calculated and used for further analysis. 

 

Experimental Design 

Gastric volumes were studied twice in 12 healthy volunteers. Volunteers 

were placed in a comfortable chair leaning slightly backwards and ingested a 

standardized 500 ml low-caloric soup meal. The meal was heated to 37° C. 

and gradually ingested during 3 minutes. The meal contained 1.7 g protein, 
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1.7 g fat and 1.7 g carbohydrate (17 kCal). Fat protein and carbohydrate 

were all soluble in water. In addition, the soup contained salt, monosodium 

glutamate, peppers and soluble and non-soluble seasoning. Directly after 

the meal the transducer system was positioned on the abdominal skin and 

the ultrasonographic images of the stomach were acquired. The second 

experiment was planned within 5 days and the same procedure was 

performed. 
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Figure 1. Scatter plot demonstrating the correlation between true balloon volume (x-axis) and  

measured 3D balloon volume (y-axis).  

 
 
Subjects 

12 healthy volunteers (5 male and 7 female; mean age 36, age range 22-45 

years, mean weight 71.8±4.2 kg, mean BMI 23.1±0.84) without any 

gastrointestinal symptoms, surgery or disease (appendectomy allowed) were 

included in the study after giving written informed consent. The protocol was 

approved by the ethics committee of the University Medical Center Utrecht.  
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Data Analysis 

All data are presented as mean values ±SEM. Volume variables were 

compared using a paired sample t-test. Correlation coefficient was 

calculated using the bivariate correlation method to express relationship. 

Significance was accepted at the 5% level. All statistical analysis was 

performed with SPSS 10.0 for MS Windows (SPSS Inc.). 
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Figure 2. Scatter plot demonstrating the correlation between true volume (x-axis) and measured  

3D volume of the pig stomach (y-axis). 

 

RESULTS 

 

In-vitro studies 

All acquired data during the ‘balloon’ study could be analyzed. In total 16 

different balloon volumes were compared. An excellent relationship was 

observed between the calculated volumes and true volumes, with a mean 

difference of 5.7±2.9 ml (1.18±0.8%). This resulted in a correlation between 

estimated and true volume of 0.99 (fig 1). The data set of the ‘pig-study’ 

were good quality allowing calculation of volumes in all experiments. After 

analysis the 10 datasets were decoded and compared to true volumes. The 
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comparison in this in-vitro study showed a mean difference of 9.2±9.4 ml 

(1.3±3.9%). The correlation between estimated and true volume was 0.98 

(fig 2).  

 

In-vivo reproducibility study 

The subjects tolerated both studies well and were able to consume the low- 

caloric nutrient within 3 min. The proximal and distal stomach could be 

located in all subjects. The gastric volumes at 1 min after completion of meal 

ingestion showed a wide range of gastric volumes on day one (134-539 ml) 

and on day 2 study (143-512 ml). However, the mean (±SEM) gastric volume 

assessed during experiment 1 was comparable to the mean gastric volume 

after experiment 2 (372±28.5 ml versus 379±29.3 ml, p=ns) (fig 3A).  

Furthermore a significant correlation was observed between both gastric 

volumes (r=0.94, P<0.001).  A comparable pattern was observed for the 

proximal and distal gastric volumes (mean proximal gastric volume: 

123.5±7.7 versus 119.6±6.8 (p=ns) and mean distal gastric volume: 

17.9±1.3 versus 16.3±1.2 (p=ns) (fig 3B and 3C). This resulted in significant 

correlation coefficients between calculated and true volumes in both 

proximal gastric volume (0.88, p<0.001) and distal gastric volume (0.90, 

p<0.001) data sets.  

 

DISCUSSION 

 

Recent studies have shown the potential of 3-dimensional ultrasonography 

for measurement of volumes of intra abdominal organs 19. To date, the 

hardware and software of only one system have been used and validated 
15;16;19;20.
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Figure 3. Bar figure showing measured total 3D (3A), distal (3B) and proximal volume (3C) on  

both study days (x-axis). A clear inter-subject variability is visible, whereas intra-subject  

variability is low. 
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In present study the equipment that is currently being used in our motility lab 

was validated in two in-vitro studies. The accurateness of this technique is 

highly dependent on the hardware, especially the pulse electromagnetic field 

generator and the probe sensor, and on the software used for calculation of 

the 3 planes, which is dependent on the resolution and on the interpolation 

of the acquired datasets. Our results show that the 3D ultrasonographic 

equipment is able to accurately measure known volumes, as is 

demonstrated by an excellent relationship between calculated and actual 

volumes in the first in-vitro study. To further investigate the accuracy of our 

system a second in-vitro study was performed using a pig stomach which is 

highly comparable in shape and structure to the human stomach. Again a 

good relation was observed between measured and true gastric volumes.   

In the second part of this study we investigated the reproducibility of gastric 

volumes in response to a low-caloric liquid meal.  It is known that intragastric 

air entrapment can potentially limit visualization of the gastric outline by 

ultrasound. However in our studies, which were carried out with subjects in 

seated position, air-fluid interfaces were not encountered. This observation 

has also been reported by Gilja et al. These findings are in concordance with 

the 3D in vitro experiment that our group published recently in which was 

demonstrated that amounts of air up to 20% of the total gastric volume do 

not interfere with 3DUS volumetry 23. With the barostat gastric sensitivity and 

accommodation quantified by isobaric distensions have been shown to be 

reproducible using stepwise distension protocols both in dyspeptic patients 

and in healthy controls 24. However, data on the reproducibility of non-

invasive techniques for assessing changes in total and partial gastric 

volumes, such as MRI and SPECT, are still lacking. 

In the present study we show a large variability of gastric volumes between 

subjects after ingestion of a low (20 kcal) liquid nutrient. In contrast, gastric 
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volume measured directly after completion of meal ingestion was highly 

reproducible when assessed in one subject on two occasions.  

The observation that the gastric volumes assessed during two experiments 

in the same subject were highly comparable indicates that 3D 

ultrasonography is a useful tool for research focused on gastric volume 

characteristics in response to a meal.  Furthermore, the large variation in 

gastric volume between subjects indicates that in healthy volunteers a wide 

variation in gastric accommodation and emptying occurs when the stomach 

is challenged with an almost non-nutrient meal. Studies that have used a 

drink test 25-27 to study maximum tolerable volume as a reflection of gastric 

accommodation should consider this phenomenon. This issue might 

contribute to the inability to demonstrate a correlation between the nutrient 

drink test and a waterload test as reported by Jones et al. In addition, it 

might explain the low sensitivity and specificity of the drink test in predicting 

impaired accommodation or visceral hypersensitivity as demonstrated by 

Boeckxstaens et al. This study also demonstrates that in functional 

dyspepsia, in contrast to healthy volunteers, maximum tolerable water 

volume was almost similar to that of the caloric liquid nutrient, suggesting 

that maximum intake is rather determined by volume than by caloric content. 

However, the variability in gastric emptying and thus the gastric volume after 

a low-caloric meal as is shown in the present study indicates that the volume 

challenge at the level of the stomach differs to a large extent, and makes the 

interpretation of the observations by Boeckxstaens difficult. 

In conclusion: Gastric volumes in response to a meal can be assessed 

reliably using three-dimensional ultrasonography. In addition, total, partial 

and distal gastric volumes after ingestion of a low-caloric nutrient show a 

large variation between subjects, but is highly reproducible as was shown by 

the limited variation within one subject. 
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ABSTRACT 

 
Origin of postprandial gastrointestinal sensations and their relation to gastric 

accommodation remains unclear. Aim was to investigate relation between 

antral and fundal accommodation and sensations. [a] in 8 healthy volunteers 

fundus accommodation was measured using barostat after a 200-ml (300-

kcal) liquid nutrient. Antral area (AA) was measured using ultrasound. Data 

of bag volumes, AA and sensations were assessed. [b] in 8 other healthy 

volunteers gastric volume was measured after a 500-ml (300-kcal) liquid 

nutrient using 2D/3D ultrasound. Sensations were scored using vas. Distal 

and proximal volumes were calculated from 3D datasets. [a] fullness was 

correlated to AA (r=0.48, p=0.002). Fullness and bag volume were not 

correlated. [b] fullness was correlated to AA (r=0.77, p<0.001) and distal 

volume (r=0.75, p<0.001). Proximal volume was not correlated to fullness 

(r=0.10, p=ns). Conclusion: fullness is related to antral volume and area 

rather than proximal volume. The gastric antrum may play a key role in 

normal appetite regulation. 

 

INTRODUCTION 

 

Regulation of satiety  and the induction of upper gastrointestinal sensations 

are still poorly understood. Several studies have demonstrated the 

involvement of chemo- and mechanoreceptors at the level of the duodenum 

and stomach in producing upper gastrointestinal sensations 1-4.  The site at 

which this gastric distension occurs may also play an important role 5;6. In 

physiological state the proximal stomach accommodates after meal 

ingestion. Gastric accommodation can be described as the reduction in 

gastric tone and increase in compliance. This physiological response makes 

it possible that solids or liquids can be ingested without significant rise of 

gastric pressure.  Abnormal postprandial proximal gastric accommodation 
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has been reported in several studies. Most studies that have investigated 

gastric accommodation have made use of the barostat technique to quantify 

the increase in volume of the proximal stomach after meal ingestion. 

Conditions 7-10 such as functional dyspepsia 11 and diabetes mellitus 8;12. 

Reduced proximal gastric accommodation has been reported to be related to 

symptoms such as early satiety and weight loss 11, although other studies 

have not confirmed this relation 13. However, other relevant postprandial 

upper gastrointestinal sensations such as nausea, fullness and pain were 

found not to be related to proximal gastric dysaccommodation, underlining 

that the pathogenesis of these symptoms is not yet established.  Recently 

we reported that the presence of a barostatic bag induces an increase in 

antral area and proximal gastric volume demonstrating that the intragastric 

bag influences the magnitude of the accommodation response after meal 

ingestion 14. These observations and the fact that the barostat technique 

does not allow quantification of the distal gastric accommodation and is 

unpleasant for the patient led to the development of less invasive techniques 

to asses change in gastric volume as a reflection of gastric accommodation. 

These techniques include: Magnetic resonance imaging (MRI) 15;16, single-

photon-emission computed tomography (SPECT) 17;18 and 2- and 3-

dimensional ultrasonography (3DUS) 19. Several studies showed that 3DUS 

can be used to accurately estimate volumes of hollow organs including the 

stomach 20-25. Using 2DUS impaired proximal gastric accommodation was 

observed in a large proportion of patients with diabetes mellitus and 

functional dyspepsia, confirming findings from barostatic studies 12;26;27. 

Recently, several studies demonstrated that both fasting and postprandially 

antral size are larger in patients with functional dyspepsia than healthy 

controls 28;29. Using 3DUS we tested the hypothesis that the gastric antrum 

plays an important role in generating postprandial sensations. The aim of 

this study was therefore to investigate gastric accommodation using the 
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barostat, 2D- and 3DUS and to assess the relationships between 

accommodation of the proximal and distal stomach to upper gastrointestinal 

sensations in healthy volunteers. 

 

MATERIALS AND METHODS 

 
The study consisted of two parts. In total 16 healthy volunteers without 

gastrointestinal symptoms or previous gastrointestinal surgery or diseases 

were asked to participate in the study after giving written informed consent.  

Eight healthy volunteers (five male and three female; mean age 23, age 

range 18-26 years, mean weight 69 kg) participated in study A, in which 

proximal gastric volume changes were measured using the barostat 

technique and distal gastric volume was studied using 2DUS. Eight other 

healthy volunteers (3 male and 5 female; mean age 23, age range 20-37 

years, mean weight 63 kg) participated in a study B, in which gastric volume 

changes were studied using 2D- and 3DUS. The protocol was approved by 

the ethics committee of the University Medical Center Utrecht. 

 

STUDY A 

 
Experimental design and barostat measurements 

In this study proximal gastric volume changes were measured using the 

barostat technique and antral area changes by 2D ultrasonography. The 

studies commenced at 9.00 am after an overnight fast. The subjects were 

placed in bed in a sitting position leaning slightly backward (at 110° angle).  

A polyethylene bag with a maximum capacity of 1000 ml attached to a 

double-lumen tube (ventrol, outer diameter 6 mm, length 120 cm) was 

introduced into the proximal stomach transorally and then slowly unfolded by 

manual inflation of 200 ml of air. Thereafter the bag was completely deflated 

and connected to the barostat device. After a 15-minute rest period minimal 
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distension pressure (MDP) was determined by increasing the pressure in the 

bag in 1-mmhg increments. MDP was defined as the lowest pressure level 

that provided a mean intrabag pressure of 30 ml 8;12. Thereafter intrabag 

pressure was set at 1 mmHg above MDP (MDP+1) for the remainder of the 

study. A 15-minute equilibration period was followed by a baseline recording 

of 15 minutes. After this baseline period subjects were asked to drink 200 ml 

Nutridrink (1.5 kcal/ml, Nutricia, Zoetermeer, The Netherlands (12g protein, 

11.6g fat and 36.8g carbohydrates) within 3 minutes using a straw. 

Barostatic bag volumes were monitored at MDP+1 for 60 minutes after the 

liquid nutrient ingestion. Volume and pressure recordings were stored in a 

personal computer (sample frequency 1 Hz). A positive accommodation 

response was defined as mean postprandial volume minus mean baseline 

volume > 64 ml 11.  

 

Measurement of antral area 

In study A antral area (AA) was measured before bag placement, before the 

liquid nutrient and at 5,15,30,45 and 60 minutes after the liquid nutrient. 

Measurement of AA was performed with a standard duplex US scanner 

(Esaote AUS, Pie Medical, Maastricht, The Netherlands) with a 3.5 MHz 

curved probe. The AA was measured in a standardized sagittal section in 

which the antrum, the superior mesenteric vein and the aorta were visualized 

simultaneously 30. The AA was outlined between antral contractions and with 

subjects suspending their breathing in expiration and calculated 

automatically using the built-in caliper and calculation program of the 

ultrasound scanner 26;31;32 (fig.1). Data were expressed in square centimeters 

(cm²). All US measurements at each time point were performed twice. The 

mean of the two measurements was used for further analysis. 
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Sensations 

Directly before each AA measurement the upper gastrointestinal sensations 

hunger, nausea, fullness and pain were scored using a 100-mm long visual 

analog scale (VAS).  

 

STUDY B 

 

Experimental design 

Subjects were placed in a comfortable chair leaning slightly backward. First 

AA was measured using the same method as in study a. Next a 3DUS 

measurement of the total stomach was performed as described below. After 

this fasting ultrasound scan a 500-ml, 300-kcal liquid nutrient (200 ml 

Nutridrink  (1.5 kcal/ml, 12g protein, 11.6g fat, 36.8g carbohydrate, Nutricia, 

Zoetermeer, The Netherlands) mixed with 300 ml of water) was ingested 

within 3 minutes. At 5,15,30,45 and 60 minutes after the liquid nutrient AA 

and 3-dimensional ultrasound measurements were repeated.  

 

 
 

Figure 1. Example of an ultrasonographic measurement of the antral area (1) with the typical 

landmarks liver (2), superior mesenteric vein (3) and aorta (4) visualized in one sagittal plane. 
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Sensations 

Sensations were scored as in study A.  

 

Measurements of gastric volumes using 3DUS 

 
A standard ultrasound scanner (Esaote-Pie Medical, Maastricht, The 

Netherlands) with a 3.5 MHz curved probe with an attached position sensor 

was used to perform this study. The probe was placed on the abdominal wall 

and the stomach was localized. With a fluent left-to-right lateral sweeping 

movement 20;21;24;25 the total stomach was visualized from fundus to pylorus. 

During this sweep approximately 400 sagittal images were digitized and 

stored into the PC using InVivo ScanNT software (MedCom GmbH, 

Darmstadt, Germany). During all sweeps the position and the orientation of 

the US probe were recorded continuously by a magnetic tracker system. 

This system consists of a transmitter generating a pulse magnetic field and a 

receiver (sensor) attached to the US probe, defining position and orientation 

in relation to the transmitter. The tracker transmitter was positioned at a 

maximum of 60 cm distance from the patient. Using specialized software 

(InVivo, MedCom GmbH, Darmstadt, Germany) the computer calculated 

images of transverse and longitudinal planes on the basis of the information 

in the sagittal images and the measured position and orientation of the US 

probe Regions of interest (ROI) were then drawn using the original sagittal 

US images.  The ROIs were constructed using the outer profile of the 

muscularis propria of the gastric wall. After delineation of gastric wall in the 

sagittal plane, the computer calculated ROIs in the other two planes and 

created a 3D image of the stomach (fig 2). Using this 3D reconstruction the 

total gastric volume was calculated. In addition, partial gastric volumes were 

calculated. The proximal gastric volume was calculated using a dividing 

plane 10 cm from the diaphragm downward perpendicular to the longitudinal 

axis of the stomach. The gastric volume within this 10-cm region represented 
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the proximal part. The distal volume was calculated by constructing a plane 

perpendicular to the antral axis at the point where the antrum, liver, superior 

mesenteric vein and the aorta could be seen simultaneously. The gastric 

volume from this plane to the pylorus represented the distal part. The 

volumes of the proximal and distal parts were calculated and used for further 

analysis. 

 

Statistical analysis 

Data are presented as mean values±SEM. Barostat and AA variables were 

compared using a two-sided Student’s t-test. Relationships between 

gastrointestinal sensations and volume or area variables were assessed 

using partial correlation, controlling for subjects. The partial correlations 

procedure computes partial correlation coefficients that describe the linear 

relationship between two variables while controlling for the effects of one or 

more additional variables. This statistical method corrects for intrinsic 

correlation. Significance was accepted at the 5% level. All statistical analysis 

was performed with SPSS 10.0 for MS Windows (SPSS Inc.).  

 

RESULTS 

 

All procedures were tolerated well and all volunteers completed the study. 

 

Antral area and volume changes 

 

Study A 

MDP in fasting state was 6.3±0.3 mmHg. Fasting volume of the barostat bag 

at mdp+1 was 99.6±3.9 ml. After the liquid nutrient an increase in intrabag 

volume of at least 64 ml was observed in all subjects. 
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Figure 2. Example of performance of 3D analysis software with ROIs drawn in the three planes. 

The lower-left panel shows the original 2D sagittal sections, whereas the upper left image 

demonstrates the transverse plane and the lower right the longitudinal plane. The upper right 

panel shows the constructed 3D image of the stomach. 

 

The mean maximum volume of the intragastric barostat bag was 347± 30.7 

ml. The maximum volume was reached 30 min after the nutrient (fig 3a).  In 

the fasting state, the AA was not affected by the presence of the intragastric 

bag at a pressure of MDP+1 mmHg (without intragastric bag: 2.8±0.28 cm², 

with intragastric bag: 3.3±0.39 cm², p=ns.). Five min after the nutrient 

ingestion AA had increased significantly (3.3±0.39 vs. 9.94±1.53 cm², 

p=0.002). Maximum AA was reached 15 min postprandially (11.09±1.43 

cm²) (fig 3b). 
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Study B 

Using the 3D us technique fasting gastric volume was 35.9±4.1 ml. At 5 min 

after the liquid nutrient a significant increase in gastric volume was observed 

(488±6.4, p<0.001). During the postprandial hour a 37% linear decrease of 

gastric volume (fig. 4) to 336.7±4.1 ml occurred. Mean fasting AA was 

3.26±0.41 cm² which was comparable to the mean fasting AA in study a 

(p=ns).  AA also increased significantly after the liquid nutrient (3.26±0.47 vs. 

13.9±1.37 cm², p<0.001). Maximum AA occurred 5 min after the liquid 

nutrient. Calculated distal volumes changed significantly after the liquid 

nutrient (2.85±0.42 vs. 24.1±2.0 ml, p<0.001). Proximal gastric volumes 

could not be measured in fasted condition. 

 

Gastrointestinal sensations 

 
Study A 

Five min after the liquid nutrient a significant increase in the sensation 

fullness (15.4±5.2 vs. 41.3±5.7, p<0.001) was observed as well as a 

significant decrease in the sensation hunger (63.5±6.8 vs. 37.3±8.0, p=0.02) 

(fig. 5). There were no significant changes in scores for the sensations pain 

(11.1±7.1 vs. 13.8±7.7, p=ns) and nausea (14.1±8.3 vs. 12.0±6.2, p=NS). 

 

Study B 

Immediately after the liquid nutrient a significant increase in the sensation 

fullness was observed (7.2±3.5 vs. 53±5.1, p<0.001) as well as a decrease 

in the sensation hunger (43.4±8.3 vs. 20±7.2, p=0.03) (fig. 5). No changes 

were found in the sensations pain (10.2±7.2 vs. 8.8±4.8, p=ns) and nausea 

(0.8±0.49 vs. 1.0±0.42, p=ns). 
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Figure 3. Mean intragastric bag volume as measured by gastric barostat (A) and mean antral 

area (B) before (time 0) and after administration of a mixed liquid meal. Ingestion of the meal 

induces a rapid and sustained increase in intragastric bag volume as well as antral area. 
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Figure 4. Mean measured gastric volume using the 3DUS technique. A linear decrease 

can be observed during the first postprandial hour. 

 
 

Relation between antral area, gastric volume data and gastrointestinal 

sensations 

 

Study A 

The increase in AA showed a moderate but significant relation with the 

increase in the sensation fullness after the liquid nutrient (r=0.48, p=0.002). 

In contrast, a negative, non-significant relation was observed between 

change in barostat bag volumes and change in the sensation fullness (r=-

0.21, p=ns). Other sensations were not related to gastric volume data.  

 

Study B 

In this part a relation between the increase in AA and distal gastric volume 

and increase in fullness was observed (0.77, p<0.001, r=0.75, p<0.001 

respectively) (fig. 6A/B). In contrast, increase in fullness was not related to 
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the proximal gastric volume (r=0.10, p=NS) (fig. 6C). Pain, hunger and 

nausea were not related to AA or gastric volume data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Mean hunger (A) en fullness (B) sensations scores in study A (squares) and B 

(diamonds) measured using the VAS. In both studies a significant decrease in hunger and 

increase in fullness is seen directly after the liquid nutrient. 
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Figure 6. Scatter plots demonstrating the relation between increase in fullness and increase in 

antral area (A), the increase in distal volume (B) and the proximal volume (C).
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DISCUSSION 

 
Many studies have focused on the relation between upper gastrointestinal 

sensations and different aspects of gastric function. Most recent studies 

investigated this relationship using the barostat technique. In the present 

study we have used three different techniques to measure accommodation 

responses of the stomach. In study A the barostat technique was used to 

measure proximal gastric accommodation and 2DUS was used to measure 

AA, which reflects the volume of the distal stomach. No relation could be 

demonstrated between changes in barostatic bag volume and the upper 

gastrointestinal sensations fullness, pain, hunger and nausea, which is in 

concordance with findings of others in healthy volunteers and patients with 

functional dyspepsia 11;13. On the other hand, AA did show a moderate, but 

statistically significant correlation with the sensation fullness. In study B we 

solely applied non-invasive 2D- and 3DUS techniques to measure 

accommodation. Three-dimensional ultrasound has been developed to 

enhance accuracy in volume estimation 19;24;25;33.  With this method not only 

the total stomach volume can be calculated but also partial gastric volumes 

and intragastric distribution of the meal 21. Intragastric air can potentially  

limit visualization of the gastric outline by ultrasound. However in our studies, 

which were carried out with subjects in seated position, air-fluid interfaces 

were not encountered. This observation is in concordance with the results 

presented by Gilja et al 27;34;35 and encourages the use of 3DUS in studies of 

the stomach. Future studies should investigate if 3DUS can be used in 

studies using solid meals. In this study a total gastric volume decrease of 

37% within the first postprandial hour was observed. If we equate this 

volume decrease to gastric emptying, 37% of the liquid nutrient was emptied 

within this hour. Within the first 5 min after the nutrient mean of 536 (mean 

fasting volume + meal volume) – 488 (mean volume at 5 min) = 48 ml had 

emptied from the stomach. This represents an emptying rate of about 6 
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ml/min. Since the energy density of our liquid nutrient was 0.6 kcal/ml (300 

kcal / 500 ml), this means an emptying rate of 3.6 kcal/min, which is 

comparable with findings of Hunt et al. 36 during the early gastric emptying 

phase. The results of our study demonstrate a clear relation between 

increase in antral area and increase in fullness, as was previously 

demonstrated by Jones et al. 37. This relation was stronger in the absence of 

a barostat bag in the proximal stomach. The most likely explanation for this 

phenomenon is that the intragastric bag influences the gastric physiology 

and therefore interferes with sensation rating. Recently we demonstrated 

that presence of an intragastric bag in the proximal stomach has an effect on 

both proximal and distal gastric accommodation after a liquid nutrient 14. 

These observations make clear that the barostat technique is not ideal to 

measure gastric accommodation.  Since 2DUS only reflects the gastric 

volumes, we developed a method to measure partial volumes. Proximally we 

drew a 10-cm downward line to calculate proximal volume. The proximal 

volume thus obtained did not correlate with any of the scored gastrointestinal 

sensations. However, the calculated distal volume did show a clear relation 

with fullness. Although gastric borders were drawn somewhat arbitrarily, the 

method provides more insight in the functional behavior of different parts of 

the stomach. Our findings suggest that the gastric antrum plays an important 

role in symptom generation and might be involved in physiological appetite 

regulation. It has already been suggested that antral distention might play a 

major role in triggering the sensation fullness 37 as our study results confirm. 

Up to now it is not clear how this mechanism is mediated. It is however 

conceivable that this regulation is modified by multiple factors such as 

sympatic nerve activity and humoral activity 38-40.  Antral distention will 

stimulate visceral mechanoreceptors. Mechanoreceptors in different regions 

of the stomach show different patterns of phasic contractile activity. It has 

been suggested that increased antral activity during antral distention gives 
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rise to gastric discomfort 41;42 Future studies using the 3D ultrasound 

technique are likely to increase an understanding of the pathophysiology of 

functional gastric disorders, especially functional dyspepsia.  Several studies 

reported a larger antral area in a subgroup of patients with functional 

dyspepsia 28;43;43.  Those findings taken together with our observations 

suggest that the gastric antrum plays an important role in symptom 

generation and might be involved in the impaired relaxation response of the 

proximal stomach in patients with functional dyspepsia.  

In conclusion: This study, using three different techniques to measure 

accommodation, has shown that postprandial fullness is related to antral 

volume and antral area rather than to proximal gastric volume. This suggests 

that the gastric antrum is more important in functional gastric disorders than 

hitherto assumed. Our findings imply that the total stomach should be 

included in studies investigating accommodation and sensations in patients. 
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ABSTRACT 

 

Recently non-invasive techniques, such as 3D ultrasonography (3DUS), 

have been developed to assess gastric wall characteristics and to 

investigate its relation to upper gastrointestinal sensations. To date, no 

head-to-head comparison has been performed between the Barostat (BS) 

and 3DUS technique. Aim was to compare BS and 3DUS and to investigate 

the relation between gastric volumes and sensations in patients with 

functional dyspepsia (FD) and healthy subjects (HS). Gastric 

accommodation was studied in 15 FD patients and 15 HS after ingestion of a 

liquid nutrient (300 kCal) using BS and 3DUS in random order for 60 min. 

Proximal gastric relaxation was measured using BS and gastric volume by 

3DUS technique. Change in gastric volume, acquired by 3DUS, was 

expressed as total gastric volume / proximal volume ratio (TGV/PV) and 

compared to changes in BS volume (fundal accommodation).  Patients with 

FD showed smaller change in proximal gastric volume than HS using BS 

(82±61 vs. 205±79 ml, p<0.01) and 3DUS (118±41 vs. 199±39 ml, p<0.01). 

Dysaccommodation of the proximal stomach was observed in 7/15 (46%) 

using the BS technique. Using TGV/PV ratio 10/15 (67%) showed abnormal 

change in proximal gastric volume. At 5 min postprandially fullness was 

related to the change in distal gastric volume (r=0.51, p=0.006) in the 3dus 

study, while no relation was observed in the BS study. 

Conclusion: 3D ultrasonography is a feasible non-invasive technique to 

measure gastric volumes and demonstrates a distinct overlap with barostat 

data in healthy subjects and functional dyspepsia patients. Fullness relates 

to distal gastric volumes when assessed by non-invasive 3DUS . 
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INTRODUCTION  

 

Since the development of the barostat by Azpiroz 1-3 a large number of 

studies investigated the role of the motor, especially gastric tone, and 

sensory function of the proximal stomach in health and diseases. In 

physiological state gastric accommodation can be described as the reduction 

in gastric tone and increase in compliance in response to meal ingestion 4-5. 

This physiological response facilitates ingestion of solids or liquids without 

significant rise of intragastric pressure. An altered meal distribution has been 

described within a subgroup of patients with functional dyspepsia 6. After this 

publication several studies demonstrated that impaired gastric 

accommodation can be observed in a subgroup of patients with functional 

dyspepsia, 6-11 rumination syndrome 12 and diabetes mellitus 13-15 and after 

gastric surgery 10. This impaired accommodation response 2;16 is associated 

with upper gastrointestinal sensations such as early satiety and weight loss 
17. Most studies investigating gastric accommodation applied the barostat 

technique, using a intragastric bag placed in the proximal stomach, to 

quantify gastric accommodation after meal ingestion. Using this technique it 

has been demonstrated that approximately 40% of the functional dyspepsia 

patients suffers from an impaired accommodation response 7. The barostat 

technique however, has several disadvantages, such as invasiveness and 

effect on gastric physiology 18. These observations prompted the 

development of less invasive techniques to asses change in gastric volume 

as a reflection of gastric accommodation. These techniques include: 

magnetic resonance imaging (MRI) 19,20 single-photonemission computed 

tomography (SPECT) 21-25 and 2- and 3-dimensional ultrasonography 

(3DUS) 16,18,26-32. Recently 3DUS was introduced to assess gastric 

accommodation. Previous studies demonstrate that 3D ultrasonography 

produces a high accuracy in gastric volume estimation 33 and that gastric air 
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pockets up to 20% of the total gastric volume do not interfere with 3DUS 

volumetry 16. In a subsequent study we demonstrated the reproducibility of 

3D gastric volume estimations 34. However, to date no study has been 

performed comparing the results obtained by the barostat technique to the 

results of 3D ultrasonography in patients with functional upper 

gastrointestinal disorders. The aim of this study was therefore to perform a 

head-to-head comparison between gastric postprandial volumes measured 

with barostat technique and 3D ultrasonography and to investigate the 

relation between gastric volumes and upper gastrointestinal sensations in 

patients with functional dyspepsia and healthy subjects 

 

MATERIALS AND METHODS 

 

Study subjects 

15 healthy subjects (6 male, age range 22-42 years, median 28 years) 

without any gastrointestinal symptoms or previous gastrointestinal surgery or 

disease and 15 patients with functional dyspepsia (5 male, age range 21-69, 

median 38 years) (p=0.06) were included in the study after giving written 

informed consent. The patients were selected on the basis of the Rome II 

criteria for functional dyspepsia. Organic disease was ruled out by means of 

upper gastrointestinal endoscopy, upper abdominal ultrasonography and 

routine biochemistry. The protocol was approved by the ethics committee of 

the University Medical Center Utrecht. All subjects were studied on two 

separate days in random order. On one study day proximal gastric 

accommodation was studied using the barostat. On the other study day 

proximal and distal gastric volume changes were studied using 3D 

ultrasonography. Studies were performed at 9.00 AM after fasting overnight. 
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Barostat technique 

In this part proximal gastric volume changes were measured using the 

barostat technique. The subjects were placed in bed in a sitting position 

leaning slightly backward (at 110° angle). A polyethylene bag with a 

maximum capacity of 1000 ml attached to a double-lumen tube (Ventrol, 

outer diameter 6 mm, length 120 cm) was introduced into the proximal 

stomach transorally and slowly unfolded by manual inflation of 200 ml of air. 

The barostat bag was positioned in the proximal stomach by gently 

withdrawing the tube until resistance was felt 8;17;35-37. Thereafter the bag was 

completely deflated and connected to the barostat device. After a 15-minute 

rest period minimal distension pressure (MDP) was determined by 

increasing the pressure in the bag in 1-mmHg increments. MDP was defined 

as the lowest pressure level that provided a mean intrabag volume of 30 ml. 

Thereafter intrabag pressure was set at 2 mmHg above MDP (MDP+2) for 

the remainder of the study. A 15-minute equilibration period was followed by 

a baseline recording of 15 minutes. After this baseline period subjects were 

asked to drink 200 ml Nutridrink (300 kCal, Nutricia, Zoetermeer, The 

Netherlands (12g protein, 11.6g fat and 36.8g carbohydrates) within 3 

minutes using a straw. Barostatic bag volumes were monitored at MDP+2 for 

60 minutes after the meal ingestion. Volume and pressure recordings were 

stored in a personal computer (sample frequency 1 Hz). After the study 

period the barostat bag was deflated and removed. Before and during the 

barostat study (at 5, 15, 30, 45 and 60 minutes postprandially) sensations 

(hunger, nausea, fullness and epigastric pain) were scored on a 100-mm 

long visual analog scale (VAS) on which 0-mm meant no symptoms whereas 

100-mm meant unbearable symptoms. Proximal gastric dysaccommodation 

was defined as a fundal accommodation response (Fundal accommodation 

(FA) = Mean accommodation volume – mean baseline volume) less than –

2SD of mean FA response observed in healthy subjects 7.  
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3D Ultrasonographic technique 

Subjects were placed in a comfortable chair leaning slightly backward (at 

110° angle). A 3DUS measurement of the total stomach was performed as 

described below. After this fasting ultrasound scan a 500-ml, 300-kCal liquid 

meal (200 ml Nutridrink (1.5 kCal/ml, 12g protein, 11.6g fat, 36.8g 

carbohydrate, Nutricia, Zoetermeer, The Netherlands) mixed with 300 ml of 

water) was ingested within 3 minutes. At 5,15,30,45 and 60 minutes 

postprandially 3-dimensional ultrasound measurements were repeated and 

sensations (hunger, nausea, fullness and epigastric pain) were scored using 

a visual analogue scale (as in barostat technique).A standard ultrasound 

scanner (Esaote-Pie Medical, Maastricht, The Netherlands) with a 3.5 MHz 

curved probe (Esaote-Pie Medical, Maastricht, The Netherlands) with an 

attached position sensor (MedCom GmbH, Darmstadt, Germany) was used 

to perform this study. The probe was placed on the abdominal wall and the 

stomach was localized. With a fluent left-to-right lateral movement of the 

probe the total stomach was visualized from fundus to pylorus. During this 

sweep approximately 400 sagittal images were digitized and stored into the 

PC using InVivo ScanNT software (MedCom GmbH, Darmstadt, Germany). 

During all sweeps the position and the orientation of the US probe were 

recorded continuously by a magnetic tracker system. This system consists of 

a transmitter generating a pulse magnetic field and a receiver (sensor) 

attached to the US probe, defining position and orientation in relation to the 

transmitter. The tracker transmitter was positioned at a maximum of 60 cm 

distance from the patient. Using specialized software (InVivo, MedCom 

GmbH, Darmstadt, Germany) the computer calculated images of transverse 

and longitudinal planes on the basis of the information in the sagittal images 

and the measured position and orientation of the US probe. Regions of 

interest (ROI) were then drawn using the original sagittal US images.  
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The ROIs were constructed using the inner layer of the gastric wall,  

measuring the gastric volume. After delineation of gastric wall in the sagittal 

plane, the computer calculated ROIs in the other two planes and created a 

3D image of the stomach (fig 1). Using this 3D reconstruction the total 

gastric volume (TGV) was calculated. In addition, partial gastric volumes 

were calculated.  

 

 

 

Figure 1. 3-dimensional ultrasonographic images showing an example of the stomach of a 

healthy subjects (left) and a patient with functional dyspepsia (right). Note the larger distal part 

and smaller proximal part of the stomach in functional dyspepsia. 

 

The proximal gastric (PV) volume was calculated using a dividing plane 10 

cm from the diaphragm downward perpendicular to the longitudinal axis of 

the stomach. The gastric volume within this 10-cm region represented the 

proximal part.  The 10-cm was chosen on the basis of the mean maximum 

postprandial barostat bag volume being 500 ml. Using the formula [Volume= 

4/3.π.r3], r would be 4.9. The mean maximum diameter of the barostat bag 

is therefore 9.85≈10 cm. The distal antral volume (DV) was calculated by 

constructing a plane perpendicular to the antral axis at the point where the 

antrum, liver, superior mesenteric vein and the aorta could be seen 

simultaneously.  
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The gastric volume from this plane to the pylorus represented the distal part. 

The volumes of the proximal and distal parts were calculated and used for 

further analysis. The third volume in our 3-compartment model, the corpus 

volume (CV), was calculated by subtracting DV and PV from total gastric 

volume. TGV, PV, DV and CV were compared between FD patients and 

healthy subjects. To analyze dysaccommodation using our 3D data TGV/PV 

ratios were calculated in all patients and compared to the upper normal 

range of healthy subject data. 

 

Statistical analysis 

Data are presented as mean values ±SEM, except when stated otherwise. 

Barostat and 3D ultrasonography variables were compared using a two-

sided Student’s t-test. The normal range (mean±2SD) for the meal induced 

gastric volume increase was calculated from the data obtained in healthy 

subjects. A multivariate ANOVA method was used to evaluate the effect of 

the repeated measurements of gastric volume. Relationships between 

gastrointestinal sensations and volume variables were assessed using 

correlation coefficient. Significance was accepted at the 5% level. All 

statistical analysis was performed with SPSS 11.0 for MS Windows (SPSS 

Inc.). 

 

RESULTS 

 

Gastric accommodation using the barostat technique 

 

All the healthy subjects and functional dyspepsia patients completed the 

barostat study. MDP was comparable in both groups (HS: 7.3±0.42 mmHg, 

FD: 7.2±0.47 mmHg, p=NS). In HS the mean pre-prandial intragastric bag 

volume at MDP+2 mmHg was 150±9.2 mL. In all healthy subjects an 



 

87 

    

immediate relaxation of proximal stomach was seen after meal ingestion as 

demonstrated by a barostat bag volume increase. Five minutes after meal 

the intrabag volume was significantly larger then pre-prandial volume 

(150±9.2 vs. 312±16 mL, p<0.001). Mean fundal accommodation, calculated 

using the “Tack method” in the healthy subjects was 215±66 (SD) mL with a 

lower range of normal of 83 mL. In functional dyspepsia patients, the mean 

pre-prandial intragastric bag volume (at MDP+2) was 195±20 mL. Five 

minutes postprandially, a significant volume increase was measured 

(195±17 vs. 291±21, p<0.001). Mean postprandial barostat bag volume in 

patients was significantly smaller compared to the healthy subjects 

(ANOVA=0.001) (Fig 2). Mean increase in barostat volume was significant 

smaller in the FD patients (82±61 VS. 205±79 ML, P<0). Using the lower 

range of normal (83 mL) as a cutoff point, 7 out of 15 FD patients (47%) 

showed impaired proximal gastric accommodation response as measured by 

the barostat technique. 

 

Gastric accommodation using 3D ultrasonography 

 

Mean fasting total gastric volume was comparable in both groups (HS: 

32.5±2.5 mL, FD: 44.4±7.2 mL, p=NS). Mean fasting distal stomach volume 

was larger in functional dyspepsia patients than in healthy subjects (5.6±0.44 

vs. 2.9±0.26, P=0.001). No difference was observed between TGV in both 

groups (ANOVA=NS) in the first postprandial hour. During the first 

postprandial hour proximal gastric volume was significantly smaller in FD 

patients compared to HS (ANOVA<0.001), while distal gastric volume was 

significantly larger in the FD patients than in the HS (ANOVA=0.001) (Fig 3). 

The volume of the third compartment, the corpus volume was significantly 

smaller in HS than in FD Patients (ANOVA=0.001) during the first 

postprandial hour. 
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Figure 2.  Mean intragastric bag volume in FD (squares) and HS (circles). Ingestion of the meal 

induces a rapid and sustained increase in intragastric bag volume in both FD and HS. However, 

in FD there is a significantly smaller bag volume than in HS (ANOVA=0.001) 

 

 

Knowing that TGV is comparable in both groups, this implies that the meal in 

FD patients was shifted towards the corpus and distal stomach. The sum of 

DV and PV was never larger than TGV, consequently an overlap of the distal 

and proximal gastric volume did not occur. Mean TGV/PV ratio in healthy 

subjects was 2.12±0.24 (SD). Cutoff point was at 2.61. Thus, abnormal 

accommodation was observed in 10/15 patients (67%). Six of these patients 

with abnormal accommodation were also detected by the barostat technique. 

The 7th patient detected as dysaccommodant by the barostat had a TGV/PV 

ratio of 2.60 and could be considered as borderline. 
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Relation between 3D gastric volume and Barostat volume data 

 

Total gastric volume (TGV) measured with 3DUS 5 min postprandially 

demonstrated a significant, albeit weak, relation with barostat data (r=0.37, 

p=0.046). However proximal volume (PV) demonstrated a stronger 

correlation (r= 0.55, p=0.002) with barostat data 5 min after the meal. Distal 

volume (DV) was not related to barostat volumes (r=-0.32, p=0.08). 

 

Upper gastrointestinal sensations 

 

Barostat technique 

Both in healthy subjects and FD patients a significant increase in the 

sensation fullness (HS: 3.5±1.2 vs. 26.3±5.6, p=0.001; FD: 7.9±2.9 vs. 

57.3±6, p<0.001) and a decrease in the sensation hunger was observed 

(HS: 30.5±7.2 vs. 16.2±5.1, p=0.04; FD: 35±8.7 vs. 12±5.9, p=0.008) 5 min 

after the meal. Mean postprandial fullness and hunger were significantly 

different between HS and FD (ANOVA<0.001, ANOVA=0.03). No significant 

changes occurred in the nausea (HS: 2.0±0.78 vs. 5.0±2.4, p=NS; FD: 

11.4±3.9 vs. 16.3±6.4, p=NS) and upper abdominal pain (HS: 0.5±0.21 vs. 

1.1±0.4, p=NS; FD: 8.5±3.3 vs. 21.3±7.9, p=NS).  

 

3D Ultrasonography technique 

In both patients and healthy subjects an increase in the sensation fullness 

(HS: 5.1±2.4 vs. 61.3±4.9, p<0.001; FD: 5.4±2.0 vs. 65.5±7.1, p=<0.001) as 

well as a decrease in the sensation hunger (HS: 37.4±5.8 vs. 12±3.9, 

p<0.001; FD: 45.2±8.1 vs. 13.6±5.6, p=0.001) was observed 5 min after 

meal ingestion. 
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Figure 3. Mean proximal (A) and distal (B) volumes in FD (squares) and HS (circles). Note the 

significantly smaller proximal volume in FD (ANOVA<0.001) and significantly larger distal 

volume in FD (ANOVA=0.001) compared to HS using 3D ultrasonography. 
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Mean postprandial fullness and hunger were significantly different between 

HS and FD (ANOVA=0.01, ANOVA=0.05). No changes were observed in the 

sensations nausea (HS: 5.9±3.9 vs. 9.4±3.9, p=NS; FD: 20.1±6.8 vs. 

25.7±6.9, p=NS) and upper abdominal pain (HS: 0.6±0.25 vs. 0.7±0.36, 

p=NS; FD: 21.6±7.3 vs. 19±7.1, p=NS). Although both patients and healthy 

subjects demonstrate a significant increase in fullness, in the 3DUS study 

patients remain to experience fullness longer than healthy subjects. At 60 

min FD patients still have a significant higher fullness score than HS 

(37.9±6.5 vs. 18.6±2.9, p=0.035) Relation between gastric volume data and 

gastrointestinal sensations. Barostat data demonstrated a negative, non-

significant relation with the increase in fullness (r=-0.25, p=0.18). Using the 

3DUS technique no relations were found between increase in TGV and PV 

and gastrointestinal sensations. When analyzed separately the increase in 

DV was related to fullness in HS (r=0.78, p<0.001), while a borderline 

significant relation was seen with FD patients (r=0.52, p=0.05) 5 minutes 

postprandially (fig 4). No relations were found with the sensations hunger 

and pain.  

 

DISCUSSION 

 

The major findings of the study are that three-dimensional ultrasonography 

patients can be used to identify patients with functional dyspepsia shown to 

have an impaired relaxation of the proximal stomach during a barostat 

experiment and that the change in distal gastric volume after ingestion of a 

nutrient meal is related to the sensation fullness. In the present study 47% of 

the patients with functional dyspepsia showed impaired accommodation 

response to a liquid nutrient measured using barostat. This is comparable 

with the 40% that was earlier described by Tack et al.7. 

 



 

92 

    

 

 

 

 

 

 

 

 

 

 

Figure 4. Scatter plot demonstrating the relation between the increase in the sensation fullness 

and distal volume in healthy subjects (left) (r=0.78, p=0.001) and functional dyspepsia patients 

(right) (r=0.52, p=0.05) five minutes postprandially 

 

The TGV/PV ratio’s calculated from 3D ultrasonographic data showed 

impaired volume change of the proximal stomach in 10 out of 15 (67%) 

patients. Six out of 7 patients detected by the barostat as dysaccommodants 

were also picked up by 3DUS, while the 7th patient was borderline-normal. 

Thus, using the non-invasive ultrasonographic technique to assess 

changes in partial gastric volumes after ingestion of a liquid nutrient almost 

all patients with functional dyspepsia that were regarded as having 

dysaccommodation by the barostat study were identified. In addition, 3DUS 

detected impaired proximal volume changes in some subjects with a normal 

accommodation response using the barostat. The latter might be explained 

by the differences in the stimulus resulting in gastric accommodation. The 

barostat technique requires a bag positioned in the proximal stomach, which 

is kept at a constant pressure above the intra-abdominal pressure, while the 

volume challenge in the two experiments is comparable, the pressure 

component is substantially different 18.  This study demonstrated that 

patients with functional dyspepsia patients do not only have a smaller 

proximal gastric volume after meal ingestion, but also a larger distal antral 

volume when assessed by 3DUS. Direct comparison of proximal volume 
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(PV) assessed with 3DUS and barostat bag volume demonstrated a 

correlation with an r-value of 0.55, which indicates a clear relation.  

However, it also indicates that the techniques are not interchangeable, which 

is likely to be due to the differences in invasiveness of both techniques. 

Our finding that the distal gastric volume is larger in patients with functional 

dyspepsia is in line with the results of studies using 2D ultrasonography. 

Moreover, it confirms the observation by Caldarella et al. 38, which showed 

antro-fundic dysfunctions in functional dyspepsia. Our primary aim was to 

compare the findings obtained from the barostat technique with the non-

invasive 3D ultrasonographic technique. We therefore used a 3-

compartment model in this study. Calculating a proximal volume 

compartment, which was comparable to the barostat bag volume, enabled 

us to compare both techniques optimally. In contrast, others used a 2-

compartment model in which proximal and distal parts are calculated using a 

division line from the incisura angularis towards the greater curvature 33. A 

potential disadvantage of this method is that the incisura is not always visible 

and the choice of angle of the division line towards the greater curvature 

might influence the data. Future studies using 3-dimensional 

ultrasonography might give new information about the most ideal model of 

division of the different anatomical and physiological gastric parts which will 

demonstrate differences between patients and healthy subjects most 

optimally. An interesting finding in our study is that the change in distal antral 

volume is related to the sensation fullness. This relationship was stronger in 

the healthy subject than in the patients with functional dyspepsia. This 

suggest that in health the interplay between distal gastric volume, tone and 

compliance play an important role in the intensity of the sensation fullness, 

while generation of fullness in FD is a more complex phenomenon that is 

also modulated by other regions of the stomach and/or influenced by gastric 

sensitivity 39. In our study median age between healthy subjects and patients 
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is, although not significantly different, 10 years apart. In a recent study by 

Delgrado-Aros et al. no effect of age was seen on gastric pre- and 

postprandial volumes 40. In addition, in a 3D US study performed in our 

Motility Lab in which more that 100 subjects participated no effect of age 

could be detected 47. It is therefore unlikely that the results of our study are 

influenced by the difference in age. Ultrasound imaging is used widely in 

clinical medicine. Its benefits include speed, low cost and the limited 

exposure risk. Although imaging in 3D is starting to become more common 

place in several medical fields e.g. cardiology 41 and obstetrics 42;43, most 

clinical scanning remains in 2D. In the gastroenterology field 3D 

ultrasonography is a relatively new technique. The Bergen group showed 

that 3D ultrasonography enhances accuracy in volume estimation 31 

compared to 2DUS 44;45. In addition, using 3DUS not only the total stomach 

volume can be calculated but also partial gastric volumes. There are, 

however, some potential disadvantages using 3-dimensional 

ultrasonography 46, such as air pockets that reside in the stomach. Tefera et 

al. addressed this point by classification of the amounts of air (0:no visible 

air, 1: small amounts, 2: moderate amounts and 3: large amounts, disturbing 

the quality of US, hence, necessitating exclusion from the study) 33. They 

showed in a study with 40 participating subjects none of the subjects had to 

be excluded due to large air pockets and the presence of air did not 

influence the results. Recently our group published a study in which we 

demonstrated that amounts of air up to 20% of the total gastric volume do 

not interfere with 3DUS volumetry 16, which confirms the findings of Gilja et 

al. 28;29. The present study, which was carried out with subjects in seated 

position, disturbing air-fluid interfaces were not encountered. The findings of 

our present study encourage the use of 3DUS in large groups of patients to 

investigate characteristics of the human stomach in upper gastrointestinal 

diseases and to evaluate pharmacotherapy. These studies will increase the 
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understanding of the pathophysiology of functional gastric disorders, 

especially functional dyspepsia and its relation to upper gastrointestinal 

sensations. In conclusion: 3D ultrasonography is a reliable non-invasive 

technique to measure gastric volumes and demonstrates a large overlap of 

the findings in evaluation of gastric physiology using the barostat in patients 

with functional dyspepsia. However, there are differences that remain to be 

studied in terms of pathophysiological value and predictors of outcome 

during pharmacological interventions. Future studies using this technique 

may give important clinical information about the physiology and 

pathophysiology of functional gastric sensations. The upper gastrointestinal 

sensation fullness is related to distal gastric volume, but more factors might 

play a role in the generation of this sensation in functional dyspepsia. 
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ABSTRACT 

 

The motor mechanisms responsible for transpyloric flow of gastric contents 

are still poorly understood. The aim of our study was to investigate the 

relationship between luminal pressures and gastric wall motion and between 

gastroduodenal pressure gradients and pressure waves, and ante- and 

retro-grade transpyloric flow. In eight healthy volunteers, intraluminal 

pressures were recorded from the antrum and proximal duodenum. 

Transpyloric flow was monitored simultaneously using duplex 

ultrasonography, before, during and after ingestion of 300 mL meat soup. 

Transpyloric emptying occurred as sequences of alternating periods of 

emptying-reflux-emptying. Approximately one-third of the sequences were 

not associated with peristalsis. The antroduodenal pressure gradients were 

significantly lower during nonperistaltic-related emptying than during 

peristaltic-related emptying (0.15 (0-0.3) kPa, and 1.7 (0.2-2.0) kPa, 

respectively [mean ± (range)], P < 0.005). The duration of emptying 

episodes not associated with peristalsis were significantly longer than those 

associated with peristalsis at (6.5 (3-8.7) s and 4.4 (2-6) s, respectively, 

P=0.059). Manometry detected only 56% of the antral contractions seen on 

ultrasound. We concluded that gastric emptying of a low-calorie liquid meal 

occurs both during peristaltic and nonperistaltic antral activity. In spite of 

lower antroduodenal pressure gradients, the emptying episodes were longer 

for nonperistaltic emptying, which is likely to be caused by low pyloric 

resistance. Considerable flow seems to occur without peristalsis during 

gastric emptying of a low-calorie, liquid meal in humans. 
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INTRODUCTION 

 

Although several studies have suggested that the incidence of 

gastrointestinal contractions and their amplitude are important determinants 

of luminal flow, the motor mechanisms responsible for gastric emptying are 

still poorly understood 1-5. In surgical experimental models in which 

antrectomy and extrinsic denervation were performed, no change in gastric 

emptying rate of liquids was observed 6,7 . On the basis of these 

observations, a two-compartment model of gastric emptying was proposed in 

which the proximal stomach was assigned to play a dominant role for receipt 

and storage of food and for control of gastric emptying of liquids. The distal 

stomach was considered to exert the major role in retention, grinding, and 

propulsion of larger-sized particles. However, these observations did not 

take into account the pulsatile pattern of gastric emptying 8-10. Several 

studies have shown that antral motor events increase the rate of liquid 

emptying, and that the antrum can expel fluids independently of proximal 

tone and pressure 11. Therefore, the relative contribution of antral peristalsis 

to gastric emptying of liquids is still unclear. In order to study the relationship 

between motility and flow in detail, techniques with a high temporal and 

spatial resolution are required for the assessment of antropyloroduodenal 

pressure waves and transpyloric flow.  

By the use of combined manometry and electromagnetic flowmeter in dogs 
12,13 and by using force transducers applied in isolated cat stomachs 14, the 

motor activity responsible for single emptying pulses has been studied. 

However, at present, there have been no reliable methods to study in detail 

the relationship between motility and flow in humans. Recently, we reported 

on the feasibility of recording of gastrointestinal pressure waves from 

multiple closely spaced side holes (1.0-1.5 cm apart) with a perfused 

manometric system, and the use of locally developed software for the 
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analysis of these manometric data 15-17.  This manometric technique allows 

studies of antropyloroduodenal pressure waves with high time and space 

resolution. Information concerning movement of luminal contents in humans 

can be obtained by fluoroscopy, scintigraphy, magnetic resonance imaging 

(MRI) and duplex sonography. The disadvantages of fluoroscopy are the 

radiation exposure and the non-physiological stimulus of barium 18. The 

disadvantages of scintigraphy are the radiation exposure and the relatively 

low time resolution that can be obtained using this technique. Studies based 

on scintigraphy and standard ultrasound at the gastric and duodenal level 

indirectly measure overall rates of gastric emptying, but these methods do 

not have the temporal resolution to assess on a second-by-second basis. 

Promising new MRI methods have recently been developed. Echoplanar 

imaging, an ultrafast variant of MRI, can provide excellent images of both 

gastric wall movements and movements of solid and liquid meals 19-21. The 

ultrasound Doppler technique provides temporal resolution for assessment 

of flow. In several studies, Hausken et al. showed that the direction, timing 

and velocity of flow could be calculated using duplex sonography 22,23.  

In the present study, the manometric and the ultrasound Doppler techniques 

are applied simultaneously to investigate the relationship between luminal 

flow and antropyloroduodenal pressure waves. 

The aim of the study was therefore to investigate the relationship between 

gastro-duodenal pressure gradients and pressure waves, and ante- and 

retro-grade transpyloric flow. The relationship between luminal pressures 

and gastric wall motion was also investigated 
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MATERIALS AND METHODS 

 

Subjects 

Eight healthy students without abdominal symptoms or signs of previous 

gastrointestinal surgery or disease were included in the study. None of the 

volunteers used medication known to influence gastrointestinal motor 

activity. All subjects gave written informed consent. The protocol was 

approved by the Research Ethics Committee of the University Hospital 

Utrecht and was conducted according to the Declaration of Helsinki. 

 

Experimental design 

 

On the study day, following an overnight fast, the subjects were intubated 

with a 21-lumen manometric assembly. At 08.30 hours the assembly was 

introduced transnasally and positioned in the antropyloroduodenal region 

using fluoroscopy. The positioning of the catheter was monitored during the 

test using measurement of the transmucosal potential difference (TMPD) 

between two sideholes located in the distal antrum and proximal duodenum. 

Established criteria (antral TMPD < –40 mV, duodenal TMPD > 0 mV, 

minimal difference between the two, 15 mV) were used to define the position 

of the proximal side holes positioned in the gastric antrum and more distally 

in the duodenum. Once the catheter was in the correct position the subjects 

were placed in a comfortable chair leaning slightly backwards for the 

remainder of the study. When phase II activity in the small intestine was 

present, a standardized liquid nutrient meal was ingested within 3 min. 

Duplex sonography was used to monitor antral contractions and transpyloric 

flow. The synchronization of manometric and Doppler/ultrasound data 

started 5 min before the meal, and continued during the 3 min of ingestion 

and for 10 min postprandially.  
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Meal 

 
The test meal consisted of a liquid meal of commercial meat soup 

(Drinkbouillon; Knorr, The Netherlands). The soup (300 mL) was preheated 

to 37 °C, and the soup was gradually ingested during 3 min. The meal 

contained 0.9 g protein, 0.9 g fat, and 0.9 g carbohydrate (9 kcal). Fat, 

protein and carbohydrate were all soluble in water. In addition, the soup 

contained salt, monosodium glutamate, peppers, and soluble and non-

soluble seasoning. The emptying curve for this meal follows an exponential 

curve, with the greater part of the emptying occurring initially and 50% of the 

meal emptied after 22 min (24). 

 

 

Manometric technique 

 
Antropyloroduodenal manometric recordings were obtained using a water-

perfused multiple-lumen manometric assembly. The silicone rubber 

assembly with a length of 160 cm, incorporated 21 (+ 1) lumina of 0.4 mm 

and a core of 1.0 mm. The assembly incorporated a 4.0-cm transpyloric 

sleeve sensor with three side holes spaced along the sleeve, four antral 

sideholes and 12 duodenal side holes. The assembly also incorporated 

three tungsten weights to facilitate passage through the stomach. A balloon 

located 5 cm from the tip was inflated with 8 ml. of air to facilitate aboral 

migration as soon as one of the side holes had entered the small intestine. 

Pressures were recorded from 11 of the 21 side holes (seven antral and 

pyloric at 1 cm intervals, four duodenal at 1.5 cm intervals) channels via 

external transducers (Abbott, Chicago, IL, USA) and used for subsequent 

analysis. The pressure data were stored in a digital format data logger 

(MMS, Enschede, The Netherlands) with a memory capacity of 4 Mb, using 

a sample frequency of 8 Hz. At the end of each manometric study the data 
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logger was connected to a personal computer and data were transferred to 

the hard disk for subsequent analysis. Manometric analysis The phases of 

the interdigestive migrating motor complex in the small bowel were 

determined visually and classified as: 

 

1 Phase 1:  quiescence starting immediately after completion of phase 3 

 

2 Phase 2:  pressure waves > 1.0 kPa (7.4 mmHg) occurring at a 

frequency greater than 2 per 10 min, but less than 10–12 

/min) 

 

3 Phase 3:  pressure waves at the maximum frequency (10–12/min) for 

at least 2 min, which propagated over more than two 

sideholes and were followed by motor quiescence. 

 

In the postprandial period, any pressure rise that was less than 20 s in 

duration was scored, provided it occurred as an independent event not 

attributable to respiration, straining or change of posture. The pressure 

waves were then classified according to site, extent and their timing in 

relation to each other. Amplitudes and directions of antropyloroduodenal 

contractions were analyzed. Antroduodenal pressure gradients at the onset 

of transpyloric flow were calculated as the maximum difference in pressure 

recorded between the distal antrum and proximal duodenum at the onset of 

emptying or duodenogastric reflux, respectively.  

The pre- and post-prandial periods were separated into four periods: period 

1 was the ingestion period, and periods 2–4 were the following postprandial 

periods (3.3 min each). 
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Duplex sonographic technique 

 

A duplex scanner (Esaote AUS; Esaote Pie Medical, Maastricht, The 

Netherlands) with a 5-MHz curved array probe was used. This scanner 

allows real-time ultrasound images of antral motility and flow velocity curves 

of the Doppler recordings to be visualized simultaneously. For quantitative 

measurements of flow velocity and timing, a pulsed Doppler mode was used. 

All ultrasound and Doppler measurements were performed by one 

investigator (T.H.). During the fasting period, antral contractions were 

recorded with the ultrasound probe in a standardized vertical section in 

which the antrum, the superior mesenteric vein and the aorta were visualized 

in one image. Transpyloric flow and antral contractions. The study of the 

antropyloroduodenal region was performed with the ultrasound probe 

positioned at the level of the transpyloric plane, and the antrum, the pylorus 

and the proximal duodenum visualized simultaneously. The common 

chamber was defined as a volume entity created by a simultaneous 

relaxation of the proximal duodenum, pylorus and antrum, allowing liquid 

contents within the volume to be retained or passed back and forth across 

the pylorus. The sample volume of the pulsed Doppler was positioned 

across the pylorus, and the angle between the Doppler beam and the 

transpyloric direction of flow was always <60°. With the probe in this position 

the following parameters were analyzed: 

 

1  Antral contraction defined as an indentation of the gastric wall 

greater than one antral wall thickness, which was not due to 

respiration, pulsation transmitted from the aorta or heart, or to 

movements of adjacent intestine, and which was observed to 

propagate in space and time. 
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2  First gastric emptying, defined as the first occurrence of gastric 

emptying after  start of ingestion of the soup. An episode of gastric 

emptying was defined as 

flow across the pylorus with a mean velocity of more than 10 cm s)1 

lasting more than 1 s. 

3  Occluding peristaltic-related transpyloric emptying, defined as gastric 

emptying associated with contractile activity in which the ultrasound 

image showed that the gastric walls occluded the lumen. 

4  Non-occluding peristaltic-related emptying, defined as transpyloric 

emptying of common chamber contents associated with contractile 

activity in which the ultrasound image showed the gastric walls 

contracting but not occluding the lumen. During maximal 

contractions, transpyloric flow could still be seen 

passing to and fro through the open pylorus. 

5  Non-peristaltic-related transpyloric emptying, defined as transpyloric 

emptying of common chamber contents, without contractions 

detected on ultrasound or manometry. Data on spatial and temporal 

resolution of the Doppler technique has been described previously 8. 

6  Emptying–reflux–emptying sequence was, defined as the 

transpyloric flow seen as part of the emptying episode, consisting of 

continuous flow backwards and forwards.  

 

Synchronization of Doppler/ultrasound and manometric recordings 

 

The UD-2000 Video-Mix and image digitizing software, (Version 5.10; MMS, 

Medical Measurements Systems, Enschede, The Netherlands) was used to 

synchronize the recorded data (Fig. 1). The image digitizing allowed 

simultaneous display of Doppler / ultrasound data and manometry signals on 

one PC monitor. The Doppler/ultrasound data were digitized during the 
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investigation, and the digitized images were saved on disk together with the 

digitized manometry signals. The computer controlled video recorder 

recorded all the Doppler/ultrasound images. The computer kept a database 

with tape information. During recording, the tapes were formatted with coded 

information. This allowed the system to verify that the correct tape was used. 

The tape also contained timing information, to allow synchronized playback 

during analysis. Images could also be digitized from tape during analysis. 

The data were analyzed on two occasions. On the first occasion, 

contractions (manometry versus ultrasound) were analyzed, while on the 

second, the relationship between flow and pressure gradients were 

analyzed. On both occasions all three investigators took part in analyzing the 

video tapes. 

 

Statistical analysis 

 

As most of the data were not normally distributed, nonparametric tests were 

used. The Wilcoxen signed rank test was used for pairwise intra-individual 

comparisons and the Mann–Whitney U-test for comparison between groups. 

Data relating to fasting and pre- and post-prandial amplitudes as measured 

by manometry were evaluated, using Friedman’s analysis of variance 

(ANOVA),with Dunn’s post hoc test. The data were presented as mean 

values with interquartile ranges. If data were normally distributed, parametric 

tests were used. All statistical calculations and graphic designs were 

performed using commercially available software (SPSS version 10.0 and 

Prism 3.0  or Windows). P < 0.05 was accepted as significant in all analyses. 
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RESULTS 

 

Two subjects had to be excluded from the study due to displacement of the 

catheter during soup ingestion. Six subjects were then included (2F, 4M; 

median age 22 years, range 20–26 years). Both peristaltic-related emptying 

and emptying without manometric activity were recorded in all remaining six 

subjects. Time to first gastric emptying, first antral contraction, and time to 

peristaltic-related flow using ultrasound were 115 (39–40) s, 219 (23–347) s, 

and 221 (39–360) s, respectively, whereas time to first antral contractions 

using manometry was 172 (23–312) s. 

 

 

 

Figure 1. Synchronization of Doppler/ultrasound and manometric recordings. In the 

ultrasound/Doppler image is the transpyloric region displayed. A line indicates the sample 

volume covering the pyloric channel. Below is the velocity curve of the Doppler recording 

visualized with emptying below the zero-line and duodenogastric reflux above the line. 

Manometry signals are displayed in the 11 channels. A vertical line (Pic) denotes the timing. A 

duodenal contraction is associated with reflux in the Doppler image. 
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Antral contractions 

 

Fasting period.  

In the fasting state (the 5-min period before soup ingestion) the total number 

of antral contractions for the six subjects together was 25 (ultrasound and 

manometry together), in which 84% were detected by manometry. The mean 

amplitude was 16.4 (2.5–32.7) kPa. One antral contraction was seen on 

manometry only (Table 1). 

 

Pre- and post-prandial period 

Using ultrasound the total number of antral contractions during ingestion and 

postprandial (for the six subjects together) was 77, of which 77% were seen 

as occluding and 23% as non-occluding contractions (Table 1). Fifty-six 

percent of the contractions were seen on both ultrasound and manometry 

with a mean amplitude of 3.5 (1.4–5) kPa, while 44% of the contractions 

were not detected by manometry (Table 1).  

 

 

 

Table 1. Total number of antral contractions detected on ultrasound and manometry in the 

fasting and pre- and post-prandial period 

 

Only four (22%) of the 18 non-occluding antral contractions were detected by 

manometry in the most distal antral channel (Table 2). A mean of 16 ± 10 

antral contractions per subject was seen on ultrasound, whereas a mean of 

9 (1–18) antral contraction were detected by manometry (P < 0.05).   
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Twelve non-occluding contractions were seen during periods 3 and 4 vs. 6 

non-occluding contractions during periods 1 and 2.  

 

 

 

Table 2.  Number of antral contractions detected on ultrasound and manometry during ingestion 

and the following postprandial period 

 

Using non-parametric, repeated measures ANOVA (Friedman) we found the 

main effect on the amplitudes in the fasting period, which were significantly 

higher than those in the following ingestion and post-prandial period (P < 

0.05). The post hoc test (Dunn) could not find any statistical difference 

between the ingestion and post-prandial periods (Fig. 2). 

 

Relationship between transpyloric flow and motor activity 

 

Transpyloric emptying occurred as emptying–reflux–emptying sequences; 

45.3 (18–68)% of the sequences were associated with occluding antral 

peristalsis, 21.5 (5–37)% were associated with non-occluding peristaltic 

related antral contractions, and 35.7 (4–79)% of the sequences were not 

associated with peristalsis.  
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The mean number of emptying episodes for each subject was 30.5 (24–38) 

and mean number of reflux episodes was 19.2 (11–26). Peristaltic-related 

flow occurred as emptying alone, emptying followed by reflux or as 

sequences of emptying–reflux–emptying pulses. The flow events always 

occurred in front of the peristaltic wave. The non-peristaltic–related flow was 

often seen as longer periods of alternating emptying–reflux sequences.  

 

Relationship between transpyloric emptying and occluding peristaltic 

contractions. 

 

Antroduodenal pressure gradients and duration of pyloric flow are presented 

in (Table 3). When peristaltic related flow was seen by ultrasound, 

propagated pressure waves were recorded manometrically over three or 

more side holes. A sequence of emptying–reflux–emptying was seen in 74% 

of the emptying periods. All emptying periods were followed by a reflux 

period, which was caused by duodenal contraction in 93% of the periods.  

The proximal duodenal pressure change was recorded in only one channel 

in 50% of the periods. The reflux periods in association with two or more 

duodenal contractions were caused by propagated (42%) and retroperistaltic 

(58%) duodenal contractions with a mean amplitude of 4.8 (2.4–7.6) kPa. 

 

 

Relationship between transpyloric emptying and non-occluding 

peristaltic contractions 

 

 When non-occluding peristaltic related flow was seen, this corresponded 

with pressure waves recorded only in the most distal antral sidehole. The 

gradients at onset of emptying periods were low. The reflux periods were 
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caused by duodenal contractions with a mean amplitude of 2.4 (2.3–3.5) kPa 

(Table 3). 

 

 

 

Figure 2 Amplitudes of antral contractions (mean [range]) in the fasting period, the ingestion and 

postprandial period. The pre- and post-prandial periods were separated into four periods: period 

1 was the ingestion period, and periods 2–4 were the following postprandial periods (3.3 min 

each). The amplitudes in the fasting period were significantly higher (P < 0.05) than in the 

following ingestion and postprandial periods. 

 

Nonperistaltic-related emptying 

 

Nonperistaltic-related flow sequences could be seen with more alternating 

emptying–reflux episodes than those associated with peristalsis. The 

pressure gradients during nonperistaltic-related emptying were significantly 

lower than during peristaltic-related emptying (nonperistaltic 0.15 (0–0.3) 

kPa, occluding peristaltic 1.7 (0.2–2) kPa, P < 0.001) (Fig. 3). The reflux 

periods were related to a duodenal contraction in 75% of the periods, with a 

mean amplitude of 1.8 (1.3–2.8) kPa. Twenty-five percent of the emptying–

reflux–emptying periods were followed by a second reflux period that was 
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related to a duodenal contraction with a mean amplitude of 3.0 (3–3) kPa 

(Table 3). 

 

 

 

Figure 3 Antroduodenal pressure gradients (mean [range]) during nonperistaltic-related 

emptying and peristaltic-related emptying. 

 

Duration of flow episodes 

 

In total, the duration of nonperistaltic-related emptying pulses were longer 

than those seen during peristaltic-related emptying (nonperistaltic 6.5 (3–9) 

s, occluding peristaltic 4.4 (2–6) s; P.0.05). The reflux episodes were 

significantly longer during nonperistaltic-related emptying than during 

peristaltic-related (nonperistaltic 2.6 (2–3) s, peristaltic 2.0 (2–2) s; P < 0.03) 

(Table 3). 

 

DISCUSSION 

 

Gastric emptying of a low-calorie liquid meal occurs in sequences of 

emptying–reflux–emptying pulses. About half of the sequences in our study 
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were peristaltic related, but both non-occluding peristaltic-related and 

nonperistaltic-related emptying sequences also occurred. Nonperistaltic-

related flow sequences frequently had more alternating emptying–reflux 

episodes than those associated with peristalsis, and the duration of 

nonperistaltic-related emptying and reflux pulses were longer. The pressure 

gradients for all types of emptying were low and the pressure gradients 

during nonperistaltic-related emptying were significantly lower than during 

peristaltic-related emptying. 

 

 

 

 

Table 3. Antroduodenal pressure gradients and duration of transpyloric flow (means (quartiles) 

 

Transpyloric flow can be classified into flow associated with a local increase 

in the pressure gradient between the antrum and duodenum (Pa–Pd) due to 

antral propagating pressure waves, and flow associated with a common 

cavity pressure difference between the distal antrum and the proximal 

duodenum, as was observed during nonperistaltic-related flow. The second 

type of flow is independent of peristalsis and is likely to be caused by 

changes in gastric tone or by pressure changes outside the stomach, such 

as aortic pulsation and inspiration 25,26. Flow can only occur in the presence 

of an open pylorus. The rate of transpyloric flow in time is proportional to 
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(Pa–Pd)/R, where R is pyloric resistance at that time. R is given by l/D4, 

where D is the average diameter of the pyloric channel and l is the gastric 

fluid viscosity 27. Because R is proportional to 1/D4, the rate of transpyloric 

flow is highly influenced by the pyloric diameter. A large pyloric diameter 

therefore reflects low pyloric resistance. Consequently, the transpyloric flow 

can be high in spite of a low pressure gradient between the distal antrum 

and proximal duodenum (Pa–Pd). In the present study we found very low 

antroduodenal pressure gradients (Pa–Pd) and they were significantly lower 

during nonperistaltic- with peristaltic related flow. Despite the lower pressure 

gradients the duration of emptying episodes was significantly longer during 

nonperistaltic flow, suggesting more emptying during these events. The 

pyloric channel was therefore probably wide resulting in a low pyloric 

resistance. The pressure gradient (Pa–Pd) was significantly higher during 

antral propagating pressure events than during quiescent periods of antral 

activity, implying that the pylorus had a higher probability of closure during 

peristaltic activity in the antrum than during quiescent periods. Unfortunately, 

it was not possible to measure the pyloric diameter during the Doppler 

ultrasound because the line indicating the sample volume covered the 

pyloric channel during recording of transpyloric flow. It was also not possible 

to assess pyloric pressure reliably using manometry. The sleeve sensor 

measures pressures over a distance of 6 cm including the distal antrum and 

proximal duodenum. Furthermore, the pressure recorded from one single 

side hole does not adequately assess pyloric pressure due to movement of 

the pylorus and catheter during flow. Our results show that gastric emptying 

of a low-caloric liquid meal occurs both during peristaltic and nonperistaltic 

antral activity, probably primarily through a mechanism controlled by the 

gastric and duodenal tone and by pyloric opening during periods of relative 

quiescence of the antrum. The findings are consistent with recent 

observations in dogs 28 and in humans using MRI 27. 
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Most of the duodenogastric reflux episodes were associated with duodenal 

contractions that were both propagated and retroperistaltic. Castedal et al. 29 

have recently demonstrated the importance of the duodenum as a 

retroperistaltic pump that can push duodenal contents to the stomach. In the 

present study duodenal pressures were recorded from four side holes (1.5 

cm apart) in the duodenal bulb and the most proximal part of the duodenum. 

Pressure rise in the most proximal duodenal side hole close to the open 

pylorus mediates flow in both the antegrade and retrograde direction and 

may explain why propagated duodenal contractions are associated with 

duodenogastric reflux. Duodenogastric refluxes that followed gastric 

emptying episodes were significantly shorter than the emptying periods 

despite the higher pressure gradients associated with reflux. For peristaltic-

related flow, this can be explained by the fact that the reflux episodes 

occurred shortly before closure of the pyloric channel8 during which the 

pyloric resistance was high. A physiological modulation of the width of the 

pyloric channel, and thereby the pyloric resistance at the end of a 

nonperistaltic emptying episode, may similarly explain the relatively shorter 

reflux episode. 

It should be stressed that the results of the present study may be specific to 

gastric emptying of a low-caloric liquid meal. Stimulation of the duodenum 

with a higher calorie meal increases the antroduodenal resistance and this 

seems to be consistent with previous findings of a decrease in pyloric 

diameter after a nutrient meal. 

At present, there is no reliable method to quantify the stroke volumes of 

transpyloric flow in humans. Based on electromagnetic flowmeter 

measurements in dogs 12,13 force transducers applied in isolated cat 

stomachs 14 or continuous collection and weighing of all effluent from the 

open duodenal cannula in dogs 30,31 the emptying stroke volumes have been 

found to vary between 0.1 and 75 mL. 
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Using the Doppler technique, flow volume can be estimated by assuming a 

constant diameter of the human pylorus and calculating the mean velocity 

within the sample volume averaged over the reflux period. The flow volume 

of a single gush of duodenogastric reflux of a liquid meal has been estimated 

to be approximately 1.8 mL 8. However, because the pyloric size, geometric 

shape, spatial flow profile and Doppler angle vary during the reflux episode, 

accurate calculation of transpyloric flow is difficult. These limitations of the 

Doppler technique restrict its clinical applications in calculating transpyloric 

flow where irregularly shaped flow passage, nonparabolic velocity profiles 

and ambiguous Doppler angles are expected. 

Despite the fact that we set a rather low threshold for detection of pressure 

events, ultrasound seems to be superior to manometry in recording antral 

motility during ingestion and the initial postprandial period when using a low-

calorie liquid meal. In total, significantly more antral contractions were 

detected on ultrasound. Perfused manometric systems need lumen-

occluding contractions to detect rises in pressure and therefore only pick up 

very few of the non-lumen-occluding contractions. These results are 

consistent with previous findings 32. The amplitudes of antral contractions 

were significantly higher during fasting than during the following ingestion 

and postprandial period. With regard to the differences between lumen-

occlusive and non-lumen occlusive contractions, we found that of the non-

lumen-occluding contractions, only 22% were detected on manometry, and 

that they occurred mostly at the end of the 10-min recording period. 

Accordingly, the non-lumen-occlusive contractions were probably of lower 

amplitudes than those associated with lumen-occlusive contractions. 

In conclusion, emptying of a low-calorie liquid meal was seen during both 

peristaltic and nonperistaltic antral activity. In spite of lower antroduodenal 

pressure-gradients during emptying unrelated to peristalsis, the emptying 

episodes were longer. An open pylorus and low pyloric resistance may 
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explain considerable transpyloric flow even with a low pressure-gradient 

across the pylorus. Considerable flow appears to occur without peristalsis 

during gastric emptying of a low calorie liquid meal in humans. 

 

ACKNOWLEDGEMENTS 

 

This work was supported by Haukeland University Strategic Research 

Program and by the Royal Netherlands Academy of Arts and Sciences. 



 

122 

    

REFERENCES 

 
(1)   Houghton LA, Read NW, Heddle R et al. The relationship of the motor activity of the 

antrum, pylorus and duodenum to gastric emptying of a solid-liquid mixed meal. 

Gastroenterology 1988; 94: 1285–91. 

(2) Camilleri M, Malagelada J-R, Brown ML, Becker G, Zinsmeister AR. Relationship 

between antral motility and gastric emptying of solids and liquids in humans. Am 

J Physiol 1985; 249: G580–5. 

(3) Fraser R, Horowitz M, Maddox A, Dent J. Dual effects of cisapride on gastric 

emptying and antropyloroduodenal motility. Am J Physiol 1993; 264: G195–201. 

(4) Verhagen MAMT, Samsom M, Kroodsma JM, Edmonds A, Smout AJPM. The new 

motilin agonist ABT-229 strongly stimulates postprandial antral motility in healthy 

volunteers. Alim Pharm Ther 1997; 11: 1077–86. 

(5) Samsom M, Akkermans LMA, Jebbink HJA, Van Isselt H, vanBerge-Henegouwen 

GP, Smout AJPM. Gastrointestinal motor mechanisms in hyperglycemia-induced 

delayed gastric emptying in type I diabetes mellitus. Gut 1997; 40: 641–6. 

(6) Dozois RR, Kelly KA, Code CF. Effect of distal antrectomy on gastric emptying of 

liquids and solids. Gastroenterology 1971; 61: 675–81. 

(7) Malbert CH, Mathis C. Antropyloric modulation of transpyloric flow of liquids in pigs. 

Gastroenterology 1994; 107: 37–46. 

(8) Hausken T, Ødegaard S,Matre K, Berstad A. Antroduodenal motility and movements 

of luminal contents studied by duplex sonography. Gastroenterology 1992; 102: 

1583–90. 

(9) King PM, Adam RD, Pryde A, McDicken WN, Heading RC. Relationships of human 

antroduoenal motility and transpyloric fluid movement: non-invasive observations with 

real-time ultrasound. Gut 1984; 25: 1384–91. 

(10)  King PM, Heading RC, Pryde A. Coordinated motor activity of the human 

gastroduodenal region. Dig Dis Sci 1985; 30: 219–24. 

(11) Miller J, Kauffman G, Elashoff J, Ohashi H, Carter D, Meyer JH. Search for 

resistances controlling canine gastric emptying of liquid meals. Am J Physiol 1981; 

241: G403–15. 

(12) Malbert CH, Ruckebusch Y. Relationships between pressure and flow across the 

gastroduodenal junction in dogs. Am J Physiol 1991; 260: G653–7. 

(13) Malbert CH, Serthelon JP, Dent J. Changes in antroduodenal resistance induced by 

cisapride in conscious dogs. Am J Physiol 1992; 263: G202–8. 



 

123 

    

(14) Schulze-Delrieu K, Herman RJ, Shirazi SS, Brown BP. Contractions move contents 

by changing the configuration of the isolated cat stomach. Am J Physiol 1998; 274: 

G359–69. 

(15) Samsom M, Verhagen MAMT, vanBerge Henegouwen GP, Smout AJPM. Abnormal 

clearance of exogenous acid and increased acid sensitivity of the proximal duodenum 

in patients with functional dyspepsia. Gastroenterology 1999;116: 515–20. 

(16)  Samsom M, Smout AJPM, Hebbard GS et al. A novel portable perfused manometric 

system for 12-channel small bowel motility recording. Neurogastroenterol 1998; 

10:139–48. 

(17) Samsom M, Fraser R, Smout AJPM, Verhagen MAMT, Adachi K, Horowitz M. 

Characterisation of small intestinal pressure waves in ambulant subjects recorded 

with a novel portable manometric system. Dig Dis Sci 1999; 44:2157–64. 

(18) Rao SS, Lu C, Schulze Delrieu K. Duodenum as a immediate brake to gastric outflow: 

a videofluoroscopic and manometric asessment. Gastroenterology 1996; 110: 740–7. 

(19) Wright J, Evans D, Gowland P, Mansfield P. Validation of antroduodenal motility 

measurements made by echoplanar magnetic resonance imaging. 

Neurogastroenterol Motil 1999; 11: 19–25. 

(20) Boulby P, Moore R, Gowland P, Spiller RC. Fat delays emptying but increases 

forward and backward antral flow as assessed by flow-sensitive magnetic resonance 

imaging. Neurogastroenterol Motil 1999; 11: 27–36. 

(21) Marciani L, Gowland P, Fillery-Travis A et al. Assessment of antral grinding of a 

model solid meal with echo-planar imaging. Am J Physiol Gastrointestinal Liver 

Physiol 2001; 280 (5): G844–9. 

(22) Hausken T, Gilja OH, Odegaard S, Berstad A. Flow across the human pylorus soon 

after ingestion of food, studies by duplex sonography. Scand J Gastroenterol 1998: 

484–90. 

(23) Hausken T, Gilja OH, Undeland KA, Berstad A. Timing of postprandial dyspeptic 

symptoms and transpyloric passage of gastric contents. Scand J Gastroenterol 1998; 

33: 822–7. 

(24) Hveem K, Jones KL, Chatterton BE, Horowitz M. Scintigraphic measurement of 

gastric emptying and ultrasonographic assessment of antral area: relation to appetite. 

Gut 1996; 38: 816–21. 

(25) Hausken T, Ødegaard S, Berstad A. Effect of respiration on early gastric liquid 

emptying in healthy subjects. Ultraschall Med 1999; 20 (Suppl.): S12. 

(26) Hausken T, Ødegaard S, Gilja OH, Berstad A. Mixing of gastric contents is evoked by 

heart contractions and respiration. Neurogastroenterol Motil 1998; 10: A453. 



 

124 

    

(27) Indireshkumar K, Brasseur JG, Faas H et al. Relative contributions of ‘pressure pump’ 

and ‘peristaltic pump’ to gastric emptying. Am J Physiol 2000; 278: G604–16. 

(28) Paterson CA, Anvari M, Tougas G, Huizinga JD. Determinants of occurrence and 

Volume of transpyloric flow during gastric emptying of liquids in dogs. Importance of 

vagal input. Dig Dis Sci 2000; 45: 1509–16. 

(29) Castedal M, Bjornsson E, Gretarsdottir J, Fjalling M, Abrahamsson H. Scintigraphic 

assessment of interdigestive duodenogastric reflux in humans: distinguishing between 

duodenal and biliary reflux material. Scand J Gastroenterol 2000; 35: 590–8. 

(30) Anvari M, Paterson CA, Daniel EE, McDonald TJ. Effects of GLP-1 on gastric 

emptying, antropyloric motility, and transpyloric flow in response to a nonnutrient 

liquid. Dig Dis Sci 1998; 43: 1133–40. 

(31) Anvari M, Paterson CA, Daniel EE. Role of nitric oxide mechanisms in control of 

pyloric motility and transpyloric flow of liquids in conscious dogs. Dig Dis Sci 1998; 

43:506–12. 

(32) Hveem K, Sun WM,Hebbard G, Horowitz M, Doran S, Dent J. Gastric mechanical 

function assessed by concurrentultrasound and manometry. Am J Physiol 2001 (in 

press). 



 

125 

    

_________ _ 
MOTOR MECHANISMS UNDERLYING TRANSPYLORIC FLOW OF 

A HIGH- AND LOW-CALORIC LIQUID NUTRIENT 

 

 

 

 

 

Marco W. Mundt 

Trygve Hausken 

Melvin Samsom 

 

 

 

 

 

 

 

 

 

 

 

 

 

Submitted  



 

126 

    

ABSTRACT 

 

The patterning of antral motor and pressure events and their contributions to 

gastric emptying in humans are not well understood. The aim of our study 

was to investigate the difference between gastroduodenal pressure 

gradients and pressure waves, and ante- and retro-grade transpyloric flow 

after a high- and low-caloric liquid meal. In six healthy volunteers, 

intraluminal pressures were recorded from the antrum and proximal 

duodenum. Transpyloric flow was monitored simultaneously using duplex 

ultrasonography before the meal, during 3 min of ingestion and 10 min after 

ingestion of a 500 mL low- (15 kCal) and high-caloric (495 kCal) liquid 

nutrient. In both high and low-caloric liquid nutrients, 52% of the emptying 

sequences was related to an occluding antral contraction. Transpyloric 

emptying occurred as sequences of alternating periods of emptying-reflux-

emptying. Total emptying time of the high-caloric liquid nutrient was 80 sec, 

of which 64% during the meal, while in the low-caloric nutrient 455 sec, of 

which 36% perprandial. The antroduodenal pressure gradients were 

significantly lower during nonperistaltic-related emptying than during 

peristaltic-related emptying in both the high-caloric (1.55 (±0.58) kPa vs. 

0.23 (±0.71) kPa, P=0.005) and the low-caloric liquid nutrient (0.87 (±0.18) 

kPa vs. 0.15 (±0.02) kPa (p<0.001). No differences could be found between 

the two nutrients in total emptying gradients, emptying gradient after an 

occlusive contraction and after a non-occlusive contraction.  We concluded 

that gastric emptying of both low-caloric and high-caloric liquid nutrient 

occurs both during peristaltic and nonperistaltic antral activity. The total 

emptying time of a high-caloric nutrient is 5-times less than a low-caloric 

nutrient during ingestion and 10 min postprandially. Occlusive contraction 

related emptying has a significant higher gradient in both low- and high-

caloric liquid nutrients.  
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INTRODUCTION 

 

For many years propagated antral contractions have been considered to 

play a pivotal role in transpyloric flow resulting in net gastric emptying 1;2. 

However, several studies have demonstrated that transpyloric flow can also 

be generated by a steady gastroduodenal pressure gradient 3-6. On the basis 

of these observations, a two-compartment model of gastric emptying was 

proposed in which the proximal stomach was assigned to play a dominant 

role for receipt and storage of food and for control of gastric emptying of 

liquids. The distal stomach was considered to exert the major role in 

retention, grinding, and propulsion of larger-sized particles. However these 

considerations did not take the gastric pulsatile emptying into account. To 

date, it is recognized that gastric emptying is predominantly a pulsatile 

phenomenon with high variability in individuals 7-10, but the patterning of 

antral motor and pressure events, their coordinations with pyloric opening, 

and their relative contributions to gastric emptying in humans are not well 

understood. Several studies claim that events of the antro-pyloro-duodenal 

common chamber have an important effect on transpyloric flow 9;11;12. 

Furthermore, the role of the pylorus in gastric emptying is still controversial 
7;12;13. Palotta and others claim that gastric emptying is the net result of 

antegrade and retrograde transpyloric flow during an open pylorus 11.  

Several studies have shown that antral motor events increase the rate of 

liquid emptying, and that the antrum can expel fluids independently of 

proximal tone and pressure 14. Therefore, the relative contribution of antral 

peristalsis to gastric emptying of liquids is still unclear. In order to study the 

relationship between motility and flow in detail, techniques with a high 

temporal and spatial resolution are required for the assessment of 

antropyloroduodenal pressures in relation to transpyloric flow. Using 

manometry and electromagnetic flow-meter as a combined technique in 
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animal models, gastric motor activity, that leads to single emptying pulses, 

has been studied 6;15. Earlier the feasibility to measure gastrointestinal 

pressure waves in detail, using a perfused manometric system with multiple 

closely spaced sideholes, has been demonstrated 16-18. This manometric 

technique allows studies of antropyloroduodenal pressure waves with high 

time and space resolution.  

Recently we demonstrated a technique using antro-pylory-duodenal 

manometry combined with duplex sonography to record the movement of 

luminal contents 3. In this study we showed that emptying of a low-caloric 

nutrient occurs both during peristaltic and non-peristaltic antral activity and 

only low gradients are necessary to accomplish these emptying episodes. 

Assessment of gastroduodenal flow with a high temporal resolution can be 

obtained by ultrasound Doppler techniques. In several studies, Hausken et 

al. showed that the direction, timing and velocity of flow could be calculated 

using duplex sonography 3;7;19-22. In the present study, the manometric and 

the ultrasound Doppler techniques are applied simultaneously to investigate 

the relationship between luminal flow and antropyloroduodenal pressure 

waves after a low and high-caloric nutrient. The aim of the study was 

therefore to investigate effect of caloric load on the relationship between 

gastroduodenal pressure gradients and pressure waves, and ante- and 

retro-grade transpyloric flow.  

 

MATERIALS AND METHODS 

Subjects 

6 healthy volunteers without any gastrointestinal surgery or disease were 

included in the study after giving written informed consent. The protocol was 

approved by the ethics committee of the University Medical Center Utrecht. 
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Test meal 

At random the patients received a (A) 500 ml low-caloric (15 kCal) liquid 

nutrient of commercial meat soup (Drinkbouillon, Knorr, The Netherlands, 

containing 0.9 g protein, 0.9 g fat and 0.9 g carbohydrates, monosodium 

glutamate, peppers and soluble and nonsoluble seasoning) or a (B) 500 ml 

high-caloric (495 kCal) liquid nutrient (330 ml of Nutridrink (Nutricia, The 

Netherlands) mixed with 170 ml of water, containing 19.8-g protein, 19.1 g 

fat and 60.7 g carbohydrates).  

 

Experimental design 

All subjects were studied on two separate days in random order. On both 

study days subjects were intubated after an overnight fasting with a 12-

lumen water perfused manometric assembly. The assembly was introduced 

transnasally and positioned in the antropyloroduodenal region using 

fluoroscopy. After positioning of the catheter, subjects were placed in a 

comfortable chair leaning slightly backward for the remainder of the study. 

The position of the catheter was continuously monitored during the study 

using transmucosal potential difference (TMPD) between the two sideholes 

located in the distal antrum and proximal duodenum. Established criteria  

(antral TMPD < -40 mV, duodenal TMPD  > 0 mV, minimal difference 15 mV) 

were used to define the position of the sideholes.  When phase II activity in 

the small intestine was present a 5-minute synchronized recording of antral 

activity using ultrasonography and manometry was started. Hereafter the 

subject ingested the high or low-caloric liquid meal within 3 minutes. Duplex 

sonography was used to monitor antral contractions and transpyloric flow. 

The synchronization of manometric and Doppler/ultrasonographic data 

started 5 minutes before the meal and continued during the 3-minute 

ingestion period and 10 minutes postprandially. 
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Manometric technique 

Antropyloroduodenal manometric recordings were obtained using a water-

perfused multiple lumen manometric assembly. The silicone rubber 

assembly with a length of 160 cm incorporated 12 (+1) lumina of 0.4 mm and 

a core of 1.0 mm. The assembly incorporated a 4.0-cm transpyloric sleeve 

sensor with three sideholes spaced along the sleeve, 4 antral sideholes (at 

1.0-cm interval) and 21 duodenal sideholes (1.5-cm interval). The assembly 

also incorporated 3 tungsten weights to facilitate passage through the 

stomach. A balloon located 5.0-cm from the tip was inflated with 8 mL of air, 

to facilitate aboral migration after passage of the pylorus. Pressures were 

recorded from 12 channels (4 antral, 1 sleeve, 3 sleeve sideholes, 4 

duodenal) via external transducers (Abbot, Chicago, IL, USA). The pressure 

data were stored in digital format datalogger (MMS, Enschede, The 

Netherlands) with a memory capacity of 4 Mb using a sample frequency of 8 

Hz. At the end of each study all data were transferred to a manometric-video 

system (MMS, Enschede, The Netherlands) which allowed simultaneous 

recordings of pressure data and ultrasound images. All data were stored for 

subsequent analysis.   

 

Manometric analysis 

The phases of the interdigestive migrating motor complex in the small bowel 

were determined visually and classified as: 

 

1  Phase 1: quiescence starting immediately after completion of phase 3. 

2   Phase 2: pressure waves > 1.0 kPa (7.4 mmHg) occurring at a frequency 

 greater than 2 per 10 min, but less than 10–12 /min 

3  Phase 3: pressure waves at the maximum frequency (10–12 /min) for at 

 least 2 min, which propagated over more than two sideholes and were 

 followed by motor quiescence. 



 

131 

    

In the per- and postprandial period, any pressure rise over more than 1 

sidehole was scored, provided it occurred as an independent event not 

attributable to respiration, straining or change of posture. The pressure 

waves were then classified according to site, extent and their timing in 

relation to each other. Amplitudes and directions of antropyloroduodenal 

contractions were analyzed. Coordinated antral contractions with an 

amplitude above 1 kPa over more than 2 sideholes were analyzed 

separately. The per- and post-prandial periods were separated into two 

periods: period 1 was the ingestion period, and period 2 the following 

postprandial period. 

 

Duplex sonographic technique 

A duplex scanner (Esaote AUS; Esaote Pie Medical, Maastricht, The 

Netherlands) with a 5-MHz curved array probe was used. This scanner 

allows real-time ultrasound images of antral motility and flow velocity curves 

of the Doppler recordings to be visualized simultaneously. For quantitative 

measurements of flow velocity and timing, a pulsed Doppler mode was used. 

All ultrasound and Doppler measurements were performed by one 

investigator (TH). During the fasting period, antral contractions were 

recorded with the ultrasound probe in a standardized vertical section in 

which the antrum, the superior mesenteric vein and the aorta were visualized 

in one image.  

 

Transpyloric flow and antral contractions 

The study of the antropyloroduodenal region was performed with the 

ultrasound probe positioned at the level of the transpyloric plane, where the 

antrum, the pylorus and the proximal duodenum are visualized 

simultaneously. The common chamber was defined as a volume entity 

created by a simultaneous relaxation of the proximal duodenum, pylorus and 
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antrum, allowing liquid contents within the volume to be retained or passed 

back and forth across the pylorus. The sample volume of the pulsed Doppler 

was positioned across the pylorus, and the angle between the Doppler beam 

and the transpyloric direction of flow was always < 60°. With the probe in this 

position the following parameters were analyzed: 

 

1 First gastric emptying, defined as the first occurrence of gastric emptying 

 after start of  ingestion of the liquid nutrient. An episode of gastric 

 emptying was defined as flow across the pylorus with a mean velocity of 

 more than 10 cm/s1 lasting more than 1 s. 

 

2 Peristaltic-related emptying defined as transpyloric emptying of common 

 chamber contents associated with contractile activity in which the 

 ultrasound image shows movement of the gastric wall resulting in 

 complete occlusion of the lumen. During maximal contractions, 

 transpyloric flow could still be seen passing to and from through the open 

 pylorus. 

 

3  Non-peristaltic-related transpyloric emptying was defined as transpyloric 

 emptying of common chamber contents, without occlusive contractions 

 detected on ultrasound or manometric detected pressure rise. Data on 

 spatial and temporal resolution of the Doppler technique has been 

 described previously 22. 

 

4  Emptying–reflux–emptying sequence was defined as the transpyloric flow 

 seen as part of the emptying episode, consisting of continuous flow 

 backwards and forwards. 
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Synchronization of Doppler/ultrasound and manometric recordings 

The UD-2000 Video-Mix and image digitizing software (Version 5.10; MMS, 

Medical Measurements Systems, Enschede, The Netherlands) was used to 

synchronize the recorded data (fig.1). The image digitizing allowed 

simultaneous display of Doppler/ ultrasound data and manometry signals on 

one PC monitor. The Doppler/ultrasound data were digitized during the 

investigation, and the digitized images were saved on disk together with the 

digitized manometry signals. The computer controlled video recorder 

recorded all the Doppler/ultrasound images. The computer kept a database 

with tape information. During recording, the tapes were formatted with coded 

information. This allowed the system to verify that the correct tape was used. 

The tape also contained timing information, to allow synchronized playback 

during analysis. Images could also be digitized from tape during analysis. 

The data were analyzed on two occasions. On the first occasion, 

contractions (manometry versus ultrasound) were analyzed, while on the 

second, the relationship between flow and pressure gradients were 

analyzed. On both occasions the same two investigators took part in 

analyzing the video tapes. 

 

Statistical analysis 

 

As most of the data were not normally distributed, nonparametric tests were 

used. The Mann-Whitney U-test was used for comparison between groups. 

The data were presented as mean values with interquartile ranges or as 

mean values ±SEM. If data were normally distributed, parametric tests were 

used. All statistical calculations and graphic designs were performed using 

commercially available software (SPSS version 12.0  for Windows and Excel 

2003, Microsoft). P < 0.05 was accepted as significant in all analyses. 
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RESULTS 

 

One subject was excluded from the study due to displacement of the 

catheter during high-caloric liquid nutrient ingestion. Five paired studies were 

the analyzed from five subjects (2 males and 3 females). Manometric activity 

was recorded in all remaining 5 subjects both in the high-caloric liquid meal 

and low-caloric liquid meal. Mean time to first gastric emptying with the high-

caloric liquid nutrient was 32.2 (4-93) s and with the low-caloric liquid nutrient 

41.75 (15-102) s. Time to first peristaltic related gastric emptying during the 

high-caloric and low-caloric liquid nutrient was 41.4 (4-100) s, respectively, 

49.7 (27-102) s 

 

 

 

Figure 1. Synchronization of Doppler/ultrasound and manometric recordings. In the 

ultrasound/Doppler image is the transpyloric region displayed. A line indicates the sample 

volume covering the pyloric channel. Below is the velocity curve of the Doppler recording 

visualized with emptying below the zero-line and duodenogastric reflux above the line. 

Manometry signals are displayed in the 11 channels. A vertical line (Pic) denotes the timing. A 

duodenal contraction is associated with reflux in the Doppler image. 
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Antral contractions 

 

Fasting period 

In fasting state (5 min before ingestion) the total number antral contractions, 

on ultrasound and/or manometry, before the high-caloric liquid nutrient was 

24, of which 88% was detected by manometry. The mean amplitude was 

13.8 (6.6-29.4) kPa. 52% of these fasting contractions were lumen-occlusive 

on ultrasonography. No contractions were seen on manometry only. Before 

the low-caloric liquid nutrient, 21 antral contractions were detected, of which 

81% was seen on manometry. Mean amplitude was 13.4 (6.4-24.8) kPa. 

48% was lumen-occlusive on ultrasound. One contraction was seen on 

manometry only. 

 

Per- and postprandial period 

During the ingestion period of 3 minutes of the high-caloric liquid nutrient 4 

coordinated antral contractions were detected by manometry with a mean 

amplitude of 8.2 kPa (5.9-12.2). All manometric antral contractions were 

seen on ultrasonography and all contractions resulted in transpyloric flow. 

No coordinated antral contractions on manometry were seen during the 10-

min postprandial period after a low-caloric liquid nutrient. 

However, during the low-caloric liquid nutrient ingestion 15 coordinated 

antral contractions were detected with a mean amplitude of 5.2 kPa (3.1-

18.1). During the postprandial period 20 more coordinated antral 

contractions were detected with a mean amplitude of 4.8 kPa (3.3-13.1). All 

manometric-coordinated antral contractions were seen on ultrasonography 

and all, except one, resulted in transpyloric flow. Analysis of this strong 

antral contraction without occurrence of flow demonstrated a high duodenal 

pressure event. 
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Relationship between transpyloric flow and antropyloroduodenal  

motor activity 

 

High-caloric liquid nutrient  

Transpyloric flow, both per- and postprandially, occurred as emptying-reflux-

emptying sequences. 52% (40-66) of the emptying sequences was related to 

an occluding antral contraction (OAC). 48% (33-60) was related to non-

occluding antral contraction (NOAC) on ultrasound. 4 coordinated antral 

contractions were seen on manometry during ingestion of the high-caloric 

liquid nutrient and they all resulted in an occluding antral contraction on 

ultrasonography. A total of 26 emptying episodes were seen. Therefore,  

15% (4/26) of the emptying periods was related to coordinated antral 

contractions seen on manometry. Mean number of emptying episodes per 

subject was 6.5 (4-11). A total of 12 reflux episodes were seen (mean 3 (2-

4)).  

 

Low-caloric liquid nutrient 

After the ingestion of the low-caloric liquid nutrient similar emptying-reflux-

emptying sequences were observed. Again 52 (41-61)% of the emptying 

sequences was related to occluding contractions. Therefore 48 (39-59)% 

was related to non-occluding contractions. 108 episodes of emptying were 

recorded. A total of 35 antral contractions were detected by manometry. 32% 

(35/108) of the emptying episodes was related to coordinated antral 

contractions recorded by manometry. Per subject the mean number of 

emptying and reflux episodes was 21.6 (9-30), respectively 11.6 (6-21).  
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Duration of antegrade and retrograde transpyloric flow 

 

The total emptying time of the high-caloric liquid nutrient was 80 sec. of 

which was 51 sec. (64%) during the meal, and 36% during the 10-min 

postprandial period (all within the first 3 minutes). Total emptying time of the 

low-caloric liquid nutrient was 455s (166 sec. (36%) perprandially and 289 

sec. (64%) postprandially). The total duration of the reflux episode was 27s 

after high- caloric nutrient, and 140s after the low-caloric liquid nutrient. 

Mean time of emptying after high-caloric nutrient was 3.20 (±0.24) sec. 

which was comparable to the mean seconds seen after ingestion of the low-

caloric liquid nutrient (4.10 (±0.21) sec. (p=NS)).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Difference of % of total emptying time during (perprandial) and after (postprandial) the 

high-caloric and low-caloric liquid nutrient.  

 

Moreover, no significant difference was observed between mean emptying 

time with or without an occlusive antral contraction (OAC) after ingestion of 

the low- and high-caloric liquid nutrient (OAC vs. NOAC: High-calory: 3.30 

(±0.35) sec. vs. 3.08 (±0.34) sec. (p=NS) /  Low-calory:  4.17 (±0.35) sec. vs. 

High caloric meal

64%

36%

Low caloric meal
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3.97(±0.27) sec. (p=NS)), or mean emptying time between the two types of 

meals (p=NS). Mean reflux time after the high- and low-caloric liquid nutrient 

were respectively 2.10 (±0.08) sec. and 2.37 (±0.08) sec. (p=NS).  

 

Pressure gradients during emptying and reflux episodes 

 

High-caloric liquid nutrient 

52% of all emptying episodes was related to an occluding contraction 

recorded by ultrasonography. In almost all emptying episodes during and 

after the high-caloric liquid nutrient there was a low, but positive gradient 

between the gastric antrum and the duodenum. Mean gradient during 

emptying episodes was 0.96 (±0.35) kPa. In two episodes a negative 

gradient was found, although transpyloric flow towards the duodenum was 

detected on Doppler. A significant difference in pressure gradients was 

found during emptying episodes related to an occluding antral contraction 

and a non-occluding antral contraction (1.55 (±0.58) kPa vs. 0.23 (±0.71) 

kPa, P=0.005). During all reflux episodes a negative gradient was found over 

the antro-duodenal region (mean = -0.47 (±0.10) kPa).  

 

Low-caloric liquid nutrient 

After the low-caloric nutrient 52% of the emptying episodes was related to an 

occlusive antral contraction. In all emptying episodes a low positive gradient 

was found between the antrum and duodenum (mean total gradient was 

0.45 (±0.84) kPa). A significant difference in pressure gradient was  

observed between occlusive and non-occlusive related gastric emptying 

(0.87 (±0.18) kPa vs. 0.15 (±0.02) kPa (p<0.001)). During almost all reflux 

episodes a negative gradient was found from antrum to duodenum. In 3 

cases a gradient of 0 kPa was found, although reflux was detected using 

Doppler. Mean gradient during the reflux episodes was -0.87 (±0.33) kPa. 
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Difference in gradients between meals 

No difference was found in overall pressure gradient in total emptying 

gradients, during occlusive contractions and during non-occlusive 

contractions between the two meals (p= 0.15, p=0.49, p=0.30). 
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Figure 3. Antroduodenal pressure gradients (mean±SEM) during occlusive and non-occlusive 

related emptying. Striped bars represent pressure gradient of the low-caloric nutrient, grey bars 

that of the high-caloric liquid nutrient. 

 

 

DISCUSSION 

 

Transpyloric flow can be classified in two groups: i) flow associated with local 

increases in pressure between the antrum and duodenum (pA>pD) due to 

antral propagating antral pressure waves and ii) flow associated with a 

pressure gradient in the antroduodenal chamber in a period of motor 

quiescence 3;23;24. This first type of flow is related to peristaltic pump 

mechanism, while the second type is related to a pressure pump mechanism 
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25. Naturally, flow can only occur during the above mentioned conditions 

when the pylorus is open. The rate of transpyloric flow in time is proportional 

to (Pa–Pd)/R, where R is pyloric resistance at that time. R is given by l/D4, 

where D is the average diameter of the pyloric channel and l is the gastric 

fluid viscosity. Due to the fact that R is proportional to l/D4, transpyloric flow 

is highly dependent on the diameter of the pylorus. So when the pyloric 

resistance (R) is low only, small pressure differences between the antrum 

and duodenum are necessary to generate flow. 

It has previously been demonstrated that the ultrasonographic detection of 

antral contractions is more sensitive than manometric techniques with high 

spatial resolution. Several studies have shown that only between 56-86% of 

the ultrasonographically detected antral contractions are associated with a 

manometric detected event 3;26;27. In our study we did not investigate the 

sensitivity differences between ultrasound and manometry, but focused on 

the relation between manometric and ultrasonographic patterns during 

transpyloric flow of a low-caloric and high-caloric liquid nutrient.  

Gastric emptying of both meal types occurred in sequences of emptying-

reflux-emptying sequences. 52% of all emptying episodes was related to an 

occlusive antral contraction on ultrasonography after both the high- and low-

caloric nutrient 3. However the duration of emptying of the high-caloric liquid 

nutrient was more than 5 times smaller than of the low-caloric nutrient (80 vs 

455 sec.), which suggests more emptying of the low-caloric liquid nutrient. 

Although formal calculation of the exact quantity emptied was not performed, 

since our setup did not allow volume quantification. Furthermore, 64% of the 

total emptying time of the high-caloric nutrient occurred during the ingestion 

of the meal. In the 10-minutes postprandial recording time only 29 sec. 

during the first 3 minutes of emptying were recorded. This can be explained 

using the (Pa–Pd)/R formula. Due to increase of pyloric resistance (R) 

and/or lowering of pressure differences between antrum and duodenum  
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(Pa-Pd) flow will be inhibited. The latter might be supported by the 

observation that no strong coordinated antral contractions were detected 

after the high-caloric nutrient. Inhibition of this flow will occur due to the 

caloric load of the meal, the so called “chemical tasting”. After initial 

emptying, slowing of emptying will be initiated by duodenal receptors that are 

stimulated by the content of the meal 28-31. In contrast total emptying time of 

the low-caloric nutrient was 455 sec. Only 37% of this time was emptied 

during the meal. Accordingly, 291 sec (64% of 455s) of emptying was 

detected postprandially up to 10 minutes after the meal.  In this study we 

observed very low antroduodenal pressure gradients during emptying 

episodes after both the high- and low-caloric nutrient. However, pressure 

gradients (Pa-Pd) were significantly higher during peristaltic (occlusive 

contraction) related emptying than during non-peristaltic (non-occlusive 

contraction) related emptying  during and after both the high- and low-caloric 

liquid nutrient, implying that the pylorus had a higher probability of closure 

during peristaltic activity in the antrum. We did not detect a difference in the 

pressure gradient between the two meal types. Indicating that emptying of 

high and low-caloric nutrient has no net effect on gradients during flow. 

Unfortunately, it was not possible to measure the pyloric diameter during the 

Doppler ultrasound since the line indicating the sample volume covered the 

pyloric channel during recording of transpyloric flow. In addition it was not 

possible to assess pyloric pressure reliably using our manometric catheter.   

 

To date, there is no reliable method to quantify the stroke volumes of 

transpyloric flow in humans. Based on animal experiments 6;13;15 emptying 

stroke volumes have been reported to vary between 0.1 and 75 mL. Using 

the Doppler technique, flow volume can be estimated by assuming a 

constant diameter of the human pylorus and calculating the mean velocity 

within the sample volume averaged over the reflux period. The flow volume 
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of a single gush of duodenogastric reflux of a liquid meal has been estimated 

to be approximately 1.8 mL 7. However, because the pyloric size, geometric 

shape, spatial flow profile and Doppler angle vary during the reflux episode, 

accurate calculation of transpyloric flow is difficult. These limitations of the 

Doppler technique restrict its clinical applications in calculating transpyloric 

flow where irregularly shaped flow passage, non-parabolic velocity profiles 

and ambiguous Doppler angles are expected. Despite the fact that we set a 

rather low threshold for detection of pressure events, ultrasound seems to be 

superior to manometry in recording antral motility during ingestion and the 

initial postprandial period in both a low- and high-caloric liquid nutrient. 

 

Our results show that gastric emptying of both a low- and a high-caloric 

nutrient occurs during both peristaltic and non-peristaltic antral activity, due 

to mechanisms controlled by gastric and duodenal tone and by pyloric 

resistance. We also demonstrated that during peristaltic, occlusive 

contractions the gradient is higher during and after both high- and low-caloric 

liquid nutrients. No differences in gradient could be detected between both 

meal types. However total duration of emptying is much higher in the low- 

caloric nutrient and continues up to 10 minutes postprandially. The high- 

caloric nutrient has an initial emptying phase during the ingestion. Only small 

amount of emptying time is seen postprandially indicating that emptying of a 

high-caloric nutrient dies off after initial emptying due to a duodenal 

response of duodenal receptors.  

Concluding: Gastric emptying of both low-caloric and high-caloric liquid 

nutrient occurs both during peristaltic and nonperistaltic antral activity in an  

approximately fifty-fifty way. The total emptying time of a high-caloric nutrient 

is 5-times less than a low-caloric nutrient during the meal up till 10 minutes 

postprandially. Occlusive contraction related emptying have a significant 

higher gradient in both low-caloric and high-caloric liquid nutrient.  
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ABSTRACT 

 

Scintigraphy and the 13C-octanoic acid breath test are both applied to assess 

gastric emptying. Using the 13C-octanoic acid breath test, excretion curves 

show 13C excretion immediately after ingestion of a solid egg meal, in 

contrast with scintigraphy where gastric emptying is observed after a lag 

phase. The aim of our study was to investigate whether transpyloric flow 

occurs during and directly after meal ingestion. Therefore, transpyloric flow 

was measured during and after ingestion of an egg meal labeled with 13C-

octanoic acid, using Doppler ultrasonography. The breath test was 

performed simultaneously, with samples taken at regular intervals. The first 

emptying episode was observed 6.9 (3.9–16.2) min after start of meal 

ingestion. A significant relation between recovery of 13C and total duration of 

gastric emptying during the first 20 min was observed (partial correlation 

coefficient r = 0.80, p <0.001). In conclusion, transpyloric flow starts during 

ingestion of a solid egg meal and results in detectable excretion of 13C. 

 

INTRODUCTION 

 

Gastric emptying of solids is used to screen for gastric motor disorders and 

can be assessed using several techniques, among which gamma camera 

scintigraphy. Scintigraphic gastric emptying tests are used extensively in 

research and clinical practice and are  regarded to be the gold standard in 

the evaluation of gastric emptying1.  Recently, the 13C-octanoic acid breath 

test has been introduced to assess gastric emptying of solids. This test is an 

indirect method, using octanoic acid enriched with 13C, assuming that gastric 

emptying is the rate-limiting step in the ultimate delivery of 13CO2 to the 

breath 1;2. The 13C-octanoic acid breath test has clear advantages when 

compared to scintigraphy. Patients are not exposed to radiation, the test can 
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be performed at the bedside and in the community, and no gamma camera 

is required, which makes the breath test more accessible and cheaper. 

Gastric emptying is a pulsatile process. The most commonly used 

parameters to quantify gastric emptying of solids are the duration of the lag 

phase in minutes and the post-lag emptying rate in percentage emptied per 

time unit. Together these two parameters determine the t½, the time period 

in which 50% of the test meal has been emptied from the stomach. Since the 

rate of emptying is dependent on multiple factors such as meal composition, 

nutrient content, and particle size, it is important to use standardized meals 

in all techniques. The lag phase in the gastric emptying of solids is described 

as the time period between meal ingestion and start of gastric emptying. For 

the scintigraphic gastric emptying test, several mathematical models to 

calculate and/or express the lag phase are being applied. In 1983, Collins et 

al. 3 defined the lag phase as the time period between meal ingestion and 

start of gastric emptying when food entered the duodenum, marked by the 

first activity of the radiolabel in the region of interest in the duodenum. The 

lag phase reflected both redistribution of the meal from fundus to antrum and 

the time taken to grind solid food to small particles. Other definitions are 

used by Maes and by Camilleri 4–9, who defined the lag phase as the time 

period in which respectively the first 5% or the first 10% of the test meal are 

emptied from the stomach into the duodenum. Several mathematical models 

were proposed to predict gastric emptying parameters in the 13C-octanoic 

acid breath test based on the scintigraphic emptying curve 2, 6,10-14. The 

model applied to analyze the breath test is critically important. Choi et al. 5 

found that mathematical analysis seems to provide the greatest error in 

situations associated with a prolonged lag phase and a rapid post-lag gastric 

emptying. These models, however, assume that the lag phase calculated 

using the 13C-octanoic acid breath test is comparable to the lag phase seen 

using scintigraphy. This assumption is questionable since studies comparing 
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both techniques show considerable 13C excretion in breath samples taken 15 

min after ingestion of an egg meal (no lag phase is observed in the excretion 

curve) while no or only small amounts of radioisotope were detected at the 

level of the duodenum by the gamma camera after ingestion of the same 

egg meal (resulting in a lag phase in the scintigraphic curve). The aim of our 

study was therefore to investigate whether transpyloric flow can be detected 

by Doppler ultrasonography, during and directly after ingestion of a standard 

egg meal, which results in the absorption of 13C in the duodenum, explaining 

the absence of a distinct lag phase in the 13C excretion curves.  

 

MATERIALS AND METHODS 

 

Subjects 

Ten healthy subjects (5 male, 5 female), median age 27 (range 22–42) 

years, and median Quetelet index 20.9 kg/m2 (range 18.8– 22.4), 

participated in this study. None had previously undergone abdominal 

surgery, or was receiving medication other than oral contraceptives. 

Screening procedures to ensure the healthy status of the subjects relied 

primarily on self-reported answers to standard questions about their medical 

condition. 

 

Study Protocol 

 

At 08:00 h, subjects attended the motility laboratory after an overnight fast 

and were placed in a sitting position leaning slightly backwards (at a 120° 

angle) during the experiment. A standard solid meal had to be ingested 

within 10 min (median 9.0 min; range 7.1-10.0 min). Every 2 min, 30 ml 

water was ingested by the subject. Transpyloric flow was assessed for 20 

min using Doppler ultrasonography (US), during and after ingestion of the 
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meal. The 13C-octanoic breath test was performed simultaneously with the 

Doppler US, and after that time period up to a total of 4 h. Breath samples 

were taken at regular intervals and analyzed by an isotope ratio mass 

spectrometer (Breathmat; Finnegan, Bremen, Germany) 1.  

 
13C-Octanoic Acid Breath Test 

 

The test meal consisted of two fried eggs, one slice of bread, 5 g margarine, 

and 150 ml water (total caloric value of 294 kcal and a nutrient composition 

of 16 g protein, 16 g carbohydrate, 18 g fat). The egg yolk of one egg was 

labeled with 100 mg 13C-sodium-octanoic acid (598 µmol; Campro Scientific, 

Veenendaal, The Netherlands), dissolved in 1 ml distilled water. Breath 

samples were taken at baseline, before the meal and from start of ingestion 

of the meal every 2 min the first 30 min, every 5 min for the next 30 min and 

every 15 min thereafter up to 4 h.  

 

Spit-and-Chew Test  

One subject performed two breath tests using two different protocols. 

For the first test, the above-described study protocol was applied. During the 

second breath test the chewed solid test meal enriched with 13C-octanoic 

acid was spit out before swallowing. No Doppler US was done during this 

test. Breath samples were taken at baseline, before the meal and from start 

of ingestion of the meal every 2 min for 30 min.  

 

Summarizing 13C-Octanoic Acid Breath Test Data Values  

The 13CO2 enrichment of breath was measured by an isotope ratio mass 

spectrometer and was expressed as difference between the 13CO2/
12CO2 

ratio of the sample and the standard. Quantity of 13C appearing in breath per 

minute was calculated as 13C (µmol/min) = delta over the baseline (DOB) x 
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0.0112372 x VCO2, where 0.0112372 is the isotope abundance of the 

limestone standard, Pee Dee Belemnite. Basal CO2 production rate, VCO2, 

was corrected for individual basal metabolic rates according to age, gender, 

height and weight using the algorithms of Schofield 15. Analysis of the total 

breath test was performed using the Utrecht model 10,13 in which after a non-

linear curve fit procedure (m*k*b*e–kt(1– e–k.t)b–1; t =time; m, k, b being 

regression constants) interpolated data from the fitted curve are used to 

determine the lag time and the half emptying time by a regression equation. 

This equation was obtained by simultaneously performed breath tests and 

scintigraphic gastric emptying tests in a previous study 13. The 13C recovery 

at 10 and 20 min was calculated as area under the excretion curve of the 

non-fitted data.  

 

Doppler Ultrasonography 

 

Transpyloric flow was measured from time zero (start of meal ingestion) for a 

total 20 min, during and after ingestion of the meal. The applied duplex 

scanner (Pie Medical, with a 3.5-MHz curved array probe) enabled velocity 

curves of the Doppler recordings and real-time ultrasound images of antral 

motility and transpyloric flow to be visualized simultaneously, since the US 

probe was positioned at the level of the transpyloric plane with the antrum, 

the pylorus, and the proximal duodenum visualized. The angle between the 

Doppler beam and the transpyloric direction of flow was always <60°. For 

quantitative measurements of flow velocity and timing, pulsed Doppler was 

used. All ultrasound and Doppler measurements were performed by one 

investigator (M.W.M.). The real-time ultrasound images and velocity curves 

were all recorded on videotape for later analysis. An episode of gastric 

emptying or reflux was defined as flow across the pylorus with a mean 

velocity of 110 cm/s lasting 11 s. The following variables were measured: (1) 
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time to first gastric emptying: the first occurrence of gastric emptying after 

the start of ingestion of the meal; (2) number of gastric emptying or reflux 

episodes: the total number of gastric emptying episodes or reflux episodes 

occurring in the 20-min period was counted; (3) duration of the gastric 

emptying or reflux episodes: total duration of gastric emptying or reflux in 

seconds during the 20-min period was calculated. Emptying index (number 

of gastric emptying episodes ! mean duration) and reflux index (number of 

reflux episodes ! mean duration) per time interval of 2 min were calculated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Fitted 13CO2 excretion curves of 9 subjects during the total 4 h of the breath 

test. A frame is set around the first 20 min of the test. 

 

Statistical Analysis 

 

Data were presented as median and range unless stated otherwise. Partial 

correlations were calculated between excretion of 13CO2 in the breath 

samples and the seconds of gastric empting or reflux detected by Doppler 

US, and for the emptying index and the reflux index. Calculation of a partial 
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correlation is a statistical method to correct for the subjects effect, resulting 

in an overall residual (e.g. excretion factor) which is correlated with the 

dependent variable (e.g. seconds of gastric emptying). A p value of <0.05 

was considered to indicate significance. Statistical analysis was performed 

with the SPSS Version 11.0 for Windows. 

 

RESULTS 

 
13C-Octanoic Acid Breath Test 

 

The median gastric emptying half-time was 100.2 (66.0–150.1) min, 

calculated for 9 subjects, according to the Utrecht model. In 1 subject the 

Utrecht model could not be applied because of the poor curve fitting of the 

nonlinear regression procedure. Based on the half-time, 2 subjects had a 

delayed gastric emptying. Figure 1 shows the fitted 13CO2 excretion curves 

of the 9 subjects during the total 4 h of the breath test. Figure 2 shows the 

non-fitted 13CO2 excretion curves of the 10 subjects during and 10 min after 

ingestion of the meal. The 13C-octanoic acid test showed a median recovery 

of 0.5 µmol (0.0–1.5) 10 min after and 3.2 µmol (0.6–5.2) 20 min after start 

of meal ingestion. This was respectively 0.2% (0–0.5) and 1.4% (0.3–2.0) of 

the excreted 13C measured after 4 h. 13CO2 excretion was detected in most 

of the subjects during ingestion of the meal. The curves of 3 subjects seem 

to fluctuate around the baseline, suggesting they had not significantly 

excreted 13CO2 during the meal. The excretion curve of the spit-and-chew 

experiment performed by 1 subject fluctuated around the baseline during 

and after the meal, which suggests absence of 13C absorption by mucosal 

cells in the oral cavity (fig. 3).  
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Doppler Ultrasonography 

 

The first gastric emptying episode was observed 6.9 (3.9–16.2) min after the 

start of meal ingestion. Figure 4 represents the data obtained from the 

Doppler US. The median emptying index and the median reflux index were 

respectively 3.38 (0.85–8.65) and 1.49 (0.00–7.72).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Non-fitted 13CO2 excretion curves of10 subjects during the first 20 min of the breath 

test. Vertical line at 10 min marks the end of meal ingestion. 

 

In all subjects the emptying index was greater than or comparable to the 

reflux index, with the exception of subject 10 in whom the reflux index was 

greater than the emptying index. During the first 20 min a significant relation 

was observed between the excretion of 13C and total number of seconds of 

gastric emptying (partial correlation coefficient r = 0.80, p < 0.001) (fig. 5). 

Moreover, the net gastric emptying index was calculated by subtraction of 

the reflux index from the gastric emptying index. A significant relation was 
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found between the net gastric emptying index and excretion of 13C for the 

total group (partial correlation coefficient r = 0.42, p < 0.001). After exclusion 

of subject 10, a stronger positive partial correlation of r=0.71 (p=0.001) was 

observed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Non-fitted 13CO2 excretion curves of two breath tests following different protocols, 

during the first 20 min, performed by 1 subject. 

 
 

DISCUSSION 

 

In this study, we have shown by means of the 13C-octanoic acid breath test 

and simultaneously performed Doppler US that gastric emptying of a fried 

egg meal starts during ingestion of the meal. Gastric emptying of the meal, 

as detected by Doppler US, results in absorption of 13C in the duodenum, 

followed by excretion of 13CO2 in breath, explaining the absence of a lag 

phase in the 13C-octanoic acid breath test. Octanoic acid is a fast 

metabolized 8-carbon fatty acid, found in dietary fats. It is readily solubilised 

in egg yolk, which is lipophilic in nature.  
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Figure 4. Number of seconds of gastric emptying or reflux detected by Doppler US, during the 

first 10 and the total 20 min after start of meal ingestion. GE = Gastric emptying; RF = reflux. 

Horizontal bars with values represent median number of seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Partial correlation between the excretion of the 13C detected in breath samples and 

the total time that gastric emptying was detected with Doppler US. 
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After disintegration of the egg yolk in the duodenum, 13C-octanoic acid is 

rapidly absorbed by the intestinal cells and transported to the liver, where it 

is preferentially oxidized to 13CO2 
2. The early detection of 13C in the breath 

samples after ingestion of an egg meal can be explained in several ways; 

first, the stable isotope may separate from the solid phase of the meal, 

dissolve in the liquid phase, and empty with the 150 ml of water ingested 

with the meal. This may result in an erroneous assessment of the solid 

gastric emptying. However, Ghoos et al. 2 showed that 30 min after 

incubation in gastric juice at 37°C, 98.6% of the octanoic acid is still bound to 

the solid phase of the test meal, and more than 95% is still bound after 180 

min. These findings are comparable to those obtained using radioactive 

isotopes incorporated in a solid meal 8. Therefore, it is unlikely that the 

binding characteristics of the isotope to the substrate explains the 

discordance between the immediate 13CO2 excretion in breath, minutes after 

meal ingestion and the lag phase seen using the scintigraphic gastric 

emptying test. A second hypothesis is that the octanoic acid with the stable 

isotope is already absorbed by the buccal mucosa, causing early 13CO2 

excretion, resulting in an inaccurate assessment of the solid  emptying. To 

exclude this, a second breath test was done by 1 subject, using the spit-and-

chew technique. The excretion curve of this experiment fluctuated around 

the baseline suggesting there was no absorption of 13C-octanoic acid by the 

mucosal cells in the oral cavity. A third supposition is that gastric emptying 

already occurs during and directly after ingestion of the meal, as 

demonstrated in this study. During and directly after ingestion of a standard 

egg meal, 13CO2 was excreted in breath, while transpyloric flow was 

visualized and confirmed by Doppler US. This is in line with the findings of 

Samsom et al. 16 who showed that gastric emptying already starts during 

ingestion of a high-caloric liquid nutrient meal, measured by Doppler US, 

which results in absorption of nutrients. It is conceivable that in the present 
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study, solid particles that have been masticated to small particles, are 

emptied soon after ingestion. These small particles may not be detected by 

the scintigraphic technique, even when the measurement is done during 

meal ingestion. We observed a median absolute recovery of 0.5 µmol after 

10 min and 3.2 µmol after 20 min in the breath test. Although the detected 

amount 13C was small, it exceeded the lower detection limit of the isotope 

ratio mass spectrometer 3 times at 10 min and 10 times at 20 min after start 

of ingestion of the meal.  

In conclusion, we have shown that gastric emptying of a fried egg meal 

starts during or directly after ingestion of the meal. These findings suggest 

that the discordance in lag phase when assessed by the 13C-octanoic acid 

breath test or by the scintigraphic gastric emptying test are caused by the 

sensitivity of the technique used. These observations should be taken into 

consideration when statistical models are applied to calculate the lag phase 

using the 13C-octanoic acid breath test.  
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Introduction of a novel technique, such as 3-dimensional ultrasonography, to 

study gastric physiology and the role of the stomach in the generation of 

upper abdominal symptoms proved to be challenging. The challenges that 

were encountered in the studies presented in this thesis were of various 

natures. First of all, technical difficulties had to be resolved that were related 

to the precision of ultrasonographic volume measurement of a hollow organ 

in humans. Secondly, the experience that is needed to be able to 

reproducibly scan the human stomach is accompanied by a leaning curve of 

which its steepness is related to the support of investigators with expertise in 

the area of ultrasonography. Thirdly, once all aforementioned hurdles are 

overcome the data that are obtained with this new technique challenge 

previous concepts and are therefore debated intensively before the scientific 

communities is convinced of its true value. The results that are presented in 

the following chapter provide new insights in the physiology and 

pathophysiology of gastric motor and sensory behavior in health and 

disease. 

 

In chapter 2 the effect of the intragastric bag on gastric accommodation in 

response to a liquid nutrient and on transpyloric flow was studied in healthy 

subjects. At present, the barostat technique is considered to be the gold 

standard for measurement of proximal gastric accommodation. However, it is 

conceivable that the change in gastric tone recorded using this technique is 

influenced by the method itself, especially by the presence of the 

pressurized intragastric bag. Moreover, the presence of the intragastric bag 

may influence transpyloric flow and thus the adaptive relaxation response of 

the stomach to a meal. To investigate the hypothesis that the barostat 

technique influences gastric physiology we studied changes in distal gastric 

volume and transpyloric flow after ingestion of a liquid nutrient with and 

without the presence of the barostatic bag in the stomach. The results of this 
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study show that fasted antral area was not influenced by the presence of the 

intragastric bag. In contrast, after ingestion of the liquid nutrient the antral 

area significantly increased when the bag was present in the proximal 

stomach. This enlargement of the antrum was reversed after deflation of the 

barostatic bag. In contrast, transpyloric flow was not affected by the 

intragastric bag. It was concluded from these experiments that in the 

postprandial state, the barostatic bag caused dilatation of the antrum due to 

meal displacement without influencing early gastric emptying. And that this 

antral dilatation is likely to induce exaggerated proximal gastric relaxation, 

which has been reported by investigators focusing on gastric 

accommodation, using the barostat technique.  

 

In chapter 3 the results of the validation study of our 3D setup is described. 

This validation study was two-fold. First our 3D setup was validated by 

performing two in-vitro studies. In the first part 16 water-filled balloons were 

randomly scanned and volume was calculated. In the second part a pig 

stomach volume was measured after it was infused with different amounts of 

liquid meal. Correlation between true and measured volumes of both 

balloons and pig stomach prove to be excellent. 

Secondly we investigated the reproducibility of gastric volumes measured by 

3-dimensional ultrasonography in response to a low-caloric (20 kcal) liquid 

meal in healthy subjects. The results demonstrated a large variability of 

gastric volumes between subjects after ingestion of a low liquid nutrient. In 

contrast, total, proximal and distal gastric volume measured directly after 

completion of meal ingestion was highly reproducible when assessed in one 

subject on two occasions. Therefore we concluded that gastric volumes in 

response to a meal can be assessed reliably using three-dimensional 

ultrasonography. In addition, total, partial and distal gastric volumes after 

ingestion of a low-caloric nutrient show a large variation between subjects, 
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but is highly reproducible as was shown by the limited variation within one 

subject. 

 

In chapter 4 the relationship between gastric accommodation and 

gastrointestinal sensations was studied in healthy subjects using two- and 

three-dimensional ultrasonography and compared to the barostat technique. 

In the first study, sensations were related to proximal and distal gastric 

volumes using a combination of the barostat technique and 2-dimensional 

ultrasonography. In the second study, sensations were related to gastric 

volumes measured using 3-dimensional ultrasonography without the 

presence of the barostatic bag in the stomach. The results show that the 

sensation fullness was strongly related to the antral area and distal gastric 

volume, while no relationship was observed between fullness and the 

volume of the barostatic bag volume. We concluded that fullness is related to 

antral volume rather than proximal gastric volume. These results indicate 

that the gastric antrum is likely to play a key role in normal appetite 

regulation. 

 

In chapter 5 the results of the most challenging study of this thesis are 

reported. This chapter describes the first and, to date, the only study in 

which a head-to-head comparison between the barostat technique and 3-

dimensional ultrasonography was performed in both patients with functional 

dyspepsia and healthy controls. Gastric accommodation was studied in 

patients with functional dyspepsia and in healthy subjects after ingestion of a 

liquid nutrient using barostat and 3-dimensional ultrasonography. Change in 

gastric volume, acquired by 3DUS, was expressed as total gastric 

volume/proximal gastric volume ratio (TGV/PV) and compared with changes 

in barostat volume (fundal accommodation). The results show that patients 

with functional dyspepsia have a smaller change in proximal gastric volume 
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than healthy subjects using both barostat and 3-dimensional 

ultrasonography. Dysaccommodation of the proximal stomach was observed 

in 46% patients using the barostat technique and 67% of the patients were 

found to have an abnormal TGV/PV ratio using 3-dimensional 

ultrasonography. At 5-min postprandially, fullness was related to the change 

in distal gastric volume in the 3DUS study, whereas no relationship was 

observed in the barostat study. It was concluded from this study that 3-

dimensional ultrasonography is a feasible non-invasive technique to 

measure gastric volumes and that this technique shows a distinct overlap 

with barostat data in healthy subjects and patients with functional dyspepsia. 

Furthermore, we confirmed our previous results that showed the relationship 

between fullness and distal gastric volumes when assessed by non-invasive 

3DUS. 

 

At present, the motor mechanisms responsible for transpyloric flow of gastric 

contents are still poorly understood. In chapter 6, we investigated the 

mechanisms underlying transpyloric flow of a low-caloric liquid nutrient using 

Duplex ultrasonography. In this study the relationship between 

gastroduodenal pressure gradients and ante- and retro-grade transpyloric 

flow was recorded using concurrent antropyloroduodenal manometry and 

duplex ultrasonography. The data showed that transpyloric emptying 

occurred as sequences of alternating periods of emptying-reflux-emptying. 

Approximately one-third of these sequences were not associated with 

peristalsis. The antroduodenal pressure gradients were significantly lower 

during nonperistaltic-related emptying than during peristaltic-related 

emptying. The duration of emptying episodes not associated with peristalsis 

were significantly longer than those associated with peristalsis. Manometry 

detected only 56% of the antral contractions seen on ultrasound, which 

confirms previous observations. We concluded that gastric emptying of a 
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low-calorie liquid meal occurs both during peristaltic and nonperistaltic antral 

activity. In spite of lower antroduodenal pressure gradients, the emptying 

episodes were longer for nonperistaltic emptying, which is likely to be 

caused by low pyloric resistance. Considerable flow seems to occur without 

peristalsis during gastric emptying of a low-caloric liquid nutrients in humans. 

 

In chapter 7 the experience described in chapter 6 was extended in a study 

focused on the underlying motor mechanisms of transpyloric flow after 

ingestion of a high-caloric liquid nutrient. This second study was undertaken 

since the mechanisms involved in gastric emptying of low and high-caloric 

meals have been shown to differ considerably in timing and potentially in the 

volume of the gushes. In contrast to the liquid nutrient with 20kCal a 500 

kCal liquid nutrient was ingested in the present study. The relationship 

between gastroduodenal pressure gradients and ante- and retro-grade 

transpyloric flow was assessed by concurrent antropyloroduodenal 

manometry and duplex ultrasonography. The results show that gastric 

emptying of both low-caloric and high-caloric liquid meal occurs both during 

peristaltic and nonperistaltic antral activity. Total emptying time of a high- 

caloric meal is 5-times less than a low-caloric meal during the meal up till 10 

minutes postprandially. Furthermore, it was demonstrated that gastric 

emptying related to occlusive contractions have a significant higher gradient 

in both low-caloric and high caloric liquid meal 

 

In chapter 8 the final study of this thesis is described. This study was a 

natural follow-up of two previous studies since the main focus of this 

experiment was related to the timing of transpyloric flow after ingestion of a 

solid meal. The study was undertaken to elucidate the discrepancy between 

the timing of gastric emptying using two different techniques; the 

scintigraphic and the 13C-octanoic acid breath test.  Using the 13C-octanoic 
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acid breath test, excretion curves show protein absorption immediately after 

ingestion of a solid egg meal, in contrast to scintigraphy where gastric 

emptying is observed after a lag phase. To study this early gastric emptying 

period, with a high spatial and temporal resolution, transpyloric flow was 

measured using Doppler ultrasonography, while net gastric emptying of the 

solid meal was measured using the 13C-octanoic acid breath test after 

ingestion of an egg meal. The first emptying episode was observed 6.9 (3.9-

16.2) min after start of meal ingestion. A significant relation between 

recovery of 13C and total duration of gastric emptying during the first 20 min 

was observed. It was concluded from this study that transpyloric flow starts 

during ingestion of a solid egg meal and results in detectable excretion of 
13C. The scintigrafically observed lag phase is therefore not a physiologically 

phenomenon, but the result of the limited temporal resolution of this 

technique.  
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Introductie van een nieuwe techniek, zoals 3-dimensionale echografie, om 

de fysiologie van de maag en de rol van de maag in het opwekken van 

bovenbuiksklachten te bestuderen, is een uitdaging geweest. De obstakels 

die overwonnen moesten worden gedurende de diverse studies, welke zijn 

opgenomen in dit proefschrift, waren van velerlei aard. Ten eerste moesten 

een aantal technische problemen overwonnen worden die gerelateerd zijn 

aan de precisie van het meten van een hol orgaan in het menselijk lichaam 

met behulp van echografie. Ten tweede behelst het verkrijgen van expertise, 

die men nodig heeft om betrouwbaar en reproduceerbaar de menselijke 

maag te meten, een leercurve waarvan de steilheid gerelateerd is aan de 

instructie en ondersteuning van ervaren onderzoekers op het terrein van 

gastrointestinale echografie. Ten derde, wanneer bovenstaande 

hindernissen overwonnen zijn en de resultaten, die met deze techniek 

verkregen worden, nieuw licht werpen op bestaande concepten, worden 

deze resultaten door vele wetenschappelijke groeperingen veelvuldig 

bediscussieerd en besproken voordat men overtuigd raakt van de waarde 

hiervan. De resultaten die in dit proefschrift besproken worden geven nieuwe 

inzichten in de fysiologie en de pathofysiologie van het motorisch en 

sensibel systeem van de maag in gezondheid en ziekte. 

 

In hoofdstuk 2 werd in gezonde vrijwilligers het effect van een in de maag 

geplaatste barostat ballon op de accommodatie van de maag en het 

transpylorisch transport gemeten na inname van een vloeibare maaltijd. 

Momenteel wordt de barostat techniek als gouden standaard gezien voor het 

meten van de accommodatie respons van de proximale maag. Echter, het is 

aannemelijk dat de verandering van de maagtonus, welke wordt gemeten 

met behulp van deze techniek, wordt beïnvloed door de eigenschappen van 

de techniek zelf. Met name de in de maag geplaatste ballon kan hierbij een 

rol spelen. Tevens kan deze ballon effect hebben op het transpylorisch 
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transport van maaginhoud en daarbij invloed uitoefenen op de adaptieve 

relaxatie van de maag na een maaltijd. Om de hypothese dat de barostat 

ballon de fysiologie van de maag beïnvloedt te toetsen, hebben wij de 

verandering in distaal maag volume en transpylorisch transport na inname 

van een vloeibare maaltijd met en zonder barostat ballon gemeten. De 

resultaten van deze studie demonstreren dat het antrale oppervlak in 

nuchtere toestand niet beïnvloed wordt door de barostat ballon. Echter, na 

inname van een vloeibare maaltijd bleek het antrale oppervlak significant 

groter wanneer er sprake was van een barostat ballon in de proximale maag. 

Dit verschil in grootte van de distale maag verdween wanneer we de 

barostat ballon leeg lieten lopen. Tevens werd aangetoond dat het 

transpylorisch transport niet werd beïnvloed door de barostat ballon. Er werd 

geconcludeerd uit deze studie dat, na een maaltijd, een in de proximale 

maag geplaatste barostat ballon door verplaatsing van de maaltijd een 

vergroting van de distale maag bewerkstelligt, zonder invloed uit te oefenen 

op het transpylorisch transport van die maaltijd. Tevens werd geconstateerd 

dat deze barostat ballon een overdreven accommodatie respons induceert.  

 

In hoofdstuk 3 worden de resultaten van de validatie studie van onze 3-

dimensionale echografie apparatuur beschreven. De studie was tweeledig 

opgezet. Ten eerste werd de validatie uitgevoerd middels 2 in-vitro studies. 

In het eerste deel werden 16 met water gevulde ballonnen at random 

gescand en werden volumina berekend. In het tweede deel werd het volume 

van een varkensmaag gemeten nadat het geïnfundeerd was met 

verschillende hoeveelheden van een vloeibare maaltijd. Correlaties tussen 

gemeten en werkelijk volume van beide studie onderdelen bleken 

voortreffelijk. Ten tweede hebben we de reproduceerbaarheid van 

maagvolumina, gemeten door 3-dimensionale echografie na een laag 

calorische vloeibare maaltijd, bij gezonde vrijwilligers onderzocht. Hierbij 



 

174 

    

bleek direct na de maaltijd een grote variabiliteit te bestaan in maagvolume. 

Echter, direct postprandiaal gemeten maagvolume (totaal, proximaal en 

distaal), op twee afzonderlijke momenten gemeten, bleek binnen 1 persoon 

zeer reproduceerbaar. Wij concluderen dan ook dat maagvolume na het 

eten van een vloeibare maaltijd betrouwbaar gemeten kan worden met 

behulp van 3-dimensionale echografie. Tevens laten totaal, proximaal en 

distaal maagvolume een grote variatie zien tussen vrijwilligers. Gemeten 

maagvolume is echter, gezien de lage variatie, zeer reproduceerbaar binnen 

een vrijwilliger. 

 

In hoofdstuk 4 werd relatie tussen de accommodatie van de maag en 

gastrointestinale sensaties in gezonde vrijwilligers middels 2- en 3-

dimensionale echografie onderzocht en vergeleken met de barostat 

techniek. In het eerste studieonderdeel werd aangetoond dat sensaties 

gerelateerd waren aan proximale en distale maagvolumina waarbij gebruikt 

gemaakt werd van een combinatie van de barostat techniek en 2-

dimensionale echografie. 

In het tweede studie onderdeel werd gekeken of er een relatie bestond 

tussen sensaties en maagvolumina, gemeten middels 3-dimensionale 

echografie, zonder aanwezigheid van een barostat ballon in de maag. De 

resultaten demonstreren dat de sensatie “vol gevoel” sterk gerelateerd is 

aan het antrale oppervlak  en het volume van de distale maag. Er werd geen 

relatie gevonden tussen en het volume van de barostat ballon. Wij 

concluderen dan ook dat de sensatie “vol gevoel” meer gerelateerd is aan 

het volume van de distale maag dan van de proximale maag. Deze 

resultaten impliceren dat de distale maag een rol speelt in de regulatie van 

normale eetlust. 
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In hoofdstuk 5 worden de resultaten van het meest gecompliceerde 

onderzoek van dit proefschrift vermeld. In dit hoofdstuk wordt de eerste, en 

tot op dit moment de enige, studie beschreven waarin een 1-op-1 

vergelijking is uitgevoerd tussen de barostat techniek en  

3-dimensionale echografie welke beiden in zowel gezonde vrijwilligers en 

patiënten met functionele dyspepsie wordt uitgevoerd. De accommodatie 

van de maag werd onderzocht in gezonde vrijwilligers en patiënten met 

functionele dyspepsie na het drinken van een vloeibare maaltijd, middels 

barostat en 3-dimensionale echografie. Verandering van maagvolume, 

gemeten door middel van 3D echografie, werd uitgedrukt in totaal 

maagvolume / proximaal maagvolume ratio’s (TGV/PV) en vergeleken met 

veranderingen in barostat volume (fundus accommodatie). De resultaten 

laten zien dat patiënten met functionele dyspepsie ten opzichte van gezonde 

vrijwilligers een kleinere toename van proximaal maagvolume hebben, zowel 

bij de barostat techniek als bij 3D echografie. Disaccommodatie van de 

proximale maag werd gezien in 46% van de patiënten met barostat. Bij 67% 

van de patiënten werd een abnormaal  TGV/PV ratio gevonden met 3-

dimensionale echografie.  De sensatie “vol gevoel” was op 5 minuten na de 

maaltijd gerelateerd aan de verandering in distaal maagvolume gemeten 

met 3D echografie. Er werd geen relatie gevonden tussen volheid en 

barostat. Geconcludeerd werd dat 3-dimensionale echografie een goed 

uitvoerbare niet-invasieve methode is om maagvolume te meten en dat deze 

techniek een overduidelijke overlap heeft met de gouden standaard, de 

barostat in gezonde vrijwilligers en patiënten met functionele dyspepsie. 

Vervolgens konden wij onze eerdere gepubliceerde resultaten bevestigen en 

wederom aantonen dat er een relatie tussen volheid en distaal maagvolume 

bestaat gemeten met niet-invasieve 3D echografie. 

 



 

176 

    

In hoofdstuk 6 hebben wij het motorisch mechanisme, dat verantwoordelijk is 

voor het transpylorisch transport van een laag calorische vloeibare maaltijd, 

onderzocht met behulp van Duplex echografie. Op dit moment is er nog 

weinig kennis over het mechanisme dat verantwoordelijk is voor het 

transpylorisch transport van maaginhoud. In deze studie werd met behulp 

van continue antropyloroduodenale manometrie and Duplex echografie een 

relatie aangetoond tussen gastroduodenale drukgradiënten en ante- en 

retrograad transport. Hierbij werd aangetoond dat maaglediging in 

ontlediging-reflux-ontlediging cycli verloopt. Ongeveer eenderde van deze 

cycli was niet gerelateerd aan peristaltiek. De antroduodenale 

drukgradiënten waren gedurende niet-peristaltiek gerelateerde lediging 

significant lager dan wanneer er sprake was van peristaltiek gerelateerde 

lediging. De duur van lediging episoden welke niet gerelateerd waren aan 

peristaltiek waren significant langer dan  die episoden die wel gerelateerd 

waren aan peristaltiek. Van de echografisch gedetecteerde antrale 

contracties werd slechts 56% waargenomen  met de manometrie. Wij 

concluderen dat maaglediging van een laagcalorische maaltijd middels 

peristaltische en niet-peristaltische antrale activiteit verloopt. Ondanks dat de 

drukgradiënten gedurende niet-peristaltiek gerelateerde lediging lager zijn, is 

de duur van deze lediging langer, wat mogelijk gerelateerd zou kunnen zijn 

met een lage weerstand van de pylorus. Een substantieel deel van de 

maaglediging van een laag calorische maaltijd bij de mens vindt plaats 

zonder peristaltische activiteit.   

 

In hoofdstuk 7 zijn de bevindingen van hoofdstuk 6 uitgebreid door te richten 

op het onderliggend motormechanisme van transpylorisch transport na 

inname van een hoog-calorische vloeibare maaltijd. Deze studie is 

uitgevoerd daar eerder is aangetoond dat het mechanisme van 

maagontlediging van een laag- en hoog-calorische maaltijd grote verschillen 
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vertoont in timing en mogelijkerwijze ook in de hoeveelheid lediging per keer. 

In tegenstelling tot de vorige studie werd in deze studie zowel een maaltijd 

van 20 kCal, als een van 500 kCal gedronken. Hierbij werd de relatie tussen 

gastroduodenale drukgradiënten en ante- en retrograad transpylorisch  

transport onderzocht middels continue antropyloroduodenale manometrie en 

Duplex echografie.  

De resultaten van deze studie laten zien dat maagontlediging van een hoog-

calorische en van een laag-calorische vloeibare maaltijd zowel via 

peristaltische als niet-peristaltische antrale activiteit verloopt. Verder blijkt de 

totale duur van maagontlediging, gemeten vanaf de start van de maaltijd tot 

10 minuten na de maaltijd, van een hoog-calorische vloeibare maaltijd 5-

maal kleiner dan van een laag-calorische vloeibare maaltijd. Tevens werd in 

deze studie gedemonstreerd dat maagontlediging, welke is gerelateerd aan 

een lumen-occluderende antrale contractie, een significant hogere 

drukgradiënt heeft in zowel de hoog- als laag-calorische vloeibare maaltijd. 

 

In Hoofdstuk 8 wordt het laatste onderzoek van dit proefschrift beschreven. 

Deze studie is de logische stap op de twee voorgaande studies daar het 

hoofddoel van dit onderzoek ligt bij de mechanismen die een rol spelen bij 

het transpylorisch transport  van een vaste maaltijd. Deze studie werd 

uitgevoerd om meer duidelijkheid te scheppen in de discrepantie tussen de 

start van maaglediging gemeten met twee verschillende methodes; 

Scintigrafie en de ademtest. Wanneer men gebruik maakt van de ”13C-

octanoic” ademtest wordt er direct na inname van een vaste ei-maaltijd 

proteïne absorptie geregistreerd, terwijl bij scintigrafie maaglediging pas 

plaatsvindt na een zogenaamde “lag-fase”.  Om deze vroege fase te 

bestuderen werd een 13C-octanoic ademtest uitgevoerd, gecombineerd met 

Duplex echografie, om transpylorische flow te meten. De eerste lediging 

episode vond plaats na 6.9 (3.9-16.2) min na de maaltijd.  
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Er werd  significante relatie aangetoond tussen de gemeten 13C waarden en 

de totale duur van het transpylorisch transport gedurende de eerste 20 

minuten na de maaltijd. Er werd geconcludeerd dat transpylorisch transport 

al gedurende het nuttigen van een ei-maaltijd plaatsvindt wat resulteert in 

meetbare excretie van 13C. De zogenaamde “lag-fase” welke wordt 

beschreven bij scintigrafie lijkt niet zozeer een fysiologisch fenomeen, maar 

het resultaat van de beperkte resolutie van de scintigrafische techniek. 
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Velen hebben, ieder op zijn of haar eigen specifieke wijze, een bijdrage 

geleverd aan de totstandkoming van dit proefschrift. Ik wil dan ook hierbij 

iedereen bedanken die enigerwijs heeft meegewerkt aan dit proefschrift. 

Toch wil ik een aantal mensen in dit laatste deel van mijn proefschrift apart 

vermelden. 

 

Prof.dr. M. Samsom, beste Melvin, 

Dank voor je vertrouwen en enthousiasme waarmee je mij hebt 

geïntroduceerd in de gastroenterologische wetenschap. Je immer 

persisterende “honger” naar resultaten is soms lastig maar zeer 

bewonderenswaardig. Ik wil je ook nog met nadruk danken voor de energie 

die je, zeker vlak voor de afronding, in dit proefschrift hebt gestoken. Ik wens 

je heel veel succes met de weg die je afgelopen jaren bent ingeslagen en 

zal geheim houden bij welk onderzoek in dit proefschrift je zelf proefpersoon 

bent geweest.   

 

Prof.dr. T. Hausken, dear Trygve, 

Thank you very much for teaching me how to perform 3-dimensional 

ultrasonography. I also want to thank you for your numerous visits to Utrecht 

and your support for my studies. Your friendly en supportive approach was 

very appreciated.  Last but not least: Thank you for the kind hospitality 

during my several stays in Norway. 

 

Prof.dr. A.J.P.M. Smout, beste André, 

Terwijl jij je meer op het terrein van gastro-oesophageale reflux bezigde heb 

je me zeker in de beginperiode van mijn onderzoek van zeer veel raad en 

daad voorzien.  

 

UMCU Kamergenoten van lang geleden 

Bob Scheffer, dokter Bob, je bent me in deze (ruim) voorgegaan. Dank voor 

de langvervlogen gezellige tijden op de kamer, de diepgaande gesprekken, 

theorieën en filosofieën over wetenschappelijke kwesties en “minder” 

wetenschappelijke (“strakke buiken”) zaken.  
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Jan Roelofs, het gele, opdrogende, bodembedekkende regenpak is na al die 

tijd nog steeds niet uit mijn geheugen te bannen. Dank voor je immer 

aanwezige raad en daad in ingewikkelde en minder ingewikkelde zaken.  

Lonneke van Felius, jij wist met je chaotische, doch verfrissende 

persoonlijkheid de kamer altijd op te vrolijken.  

 

Collega’s UMCU: 

MDL-ers: Bas Oldenburg, Bas Weusten, Hans Boogaart, Karel van 

Erpecum, Gerard van Berge Henegouwen, Yolande Keulemans, Thijs 

Schwartz, Nancy van Ooteghem, Niels Venenman, Pernilla Ackermark, Niels 

van Lelyveld,  Arjan Bredenoord, Hanneke van Soest en Claudia Wolf 

 

Itta Minderhoud, bedankt voor de goede tijden op het UMCU en nu  

(reunited) in het Meander. Wanneer je het als collega’s samen ruim 6 uur op 

Charles de Gaulle volhoudt, zit die collegialiteit wel goed !  

 

Anneke De Schryver, samen begonnen in het UMCU, jij als onderzoeker en 

ik als ‘hulpje’ van Andre van Dieren. Na alle omzwervingen van afgelopen 

jaren kijk ik er naar uit weer op het UMCU te gaan samenwerken.  

 

Margot van Herwaarden, uitgegroeid van wilde onderzoeks “meid” tot een 

ware GE “mum”. Ik ben je nog immer dankbaar voor je introductie in het 

gastrointestinale onderzoeksland. (En ken je ‘t nog…hoofd, schouders….).  

 

Ernestien, Astrid, Joke, Ria, Martin, Willem en alle endoscopie 

verpleegkundigen. Andre van Dieren, bedankt dat je mij “het baantje” hebt 

gegeven waar alles mee is begonnen. Jac Oors, dank voor je immer 

bereidheid tot meedenken, meehelpen en bovenal meelachen. Je relativiteit 

is inspirerend. 

 

Alle secretaresses, hierbij in het bijzonder Anouk. A-tje, dank voor al je hulp, 

support, gezelligheid en het veelvuldig email verkeer gedurende afgelopen 

jaren. Jouw rol als intermediair tussen mij en “de baas” was onmisbaar.  
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Collega’s Meander Medisch Centrum: 

Internisten / Arts-assistenten Interne: Allen dank voor jullie interesse en 

collegialiteit. Ik heb met veel plezier gedurende mijn vooropleiding interne 

geneeskunde met jullie samengewerkt.  

 

Maag-, darm- en leverartsen: Beste Reinoud, Menno, Thijs en Marten. Met 

veel genoegen wil ik dit mooie vak bij jullie leren. Met name dank voor de 

flexibiliteit zodat ik op de valreep nog wat vrije dagen kon krijgen om dit 

proefschrift af te maken.  

 

Verder natuurlijk alle verpleegkundigen en endoscopie verpleegkundigen 

van het MMC met wie ik de afgelopen jaren heb samengewerkt. 

 

Tevens wil ik de leden van de beoordelingscommissie, alle vrijwilligers en 

patiënten die hebben deelgenomen in de onderzoeken en alle bedrijven die 

middels sponsoring de totstandkoming van dit proefschrift mede mogelijk 

gemaakt hebben van harte danken. 

 

Vrienden en familie  

Dank voor al jullie steun en interesse ! 

 

Daniel, onze vriendschap begon doorspekt met flauwe ‘Arnie’ grappen. 

Hierna met z’n allen een hele goede studententijd gehad. Ik hoop je, 

ondanks je verblijf in London, de komende tijd weer frequenter te zien en te 

spreken. 

 

Mijn paranymfen: 

Jasper, dank voor ruim 22 jaar vriendschap en het al die jaren aanhoren van 

gezwets over 2- en 3-dimensionele magen. Het regelmatig tot diep in de 

nacht “gamen” was een geweldige afwisseling op SPSS.  

 

Luuk, amice, dank voor 20 jaar vriendschap waarin wij onze studie samen 

hebben geprezen en vervloekt. Onze gezamenlijke zolderbewoning zal ik als 

fantastische herinnering meedragen. Ook onze vriend Bart B mis ik nog elke 
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dag…. Heel veel succes met je KNO opleiding en je eigen promotie. En die 

‘proximale oesophagus’ is wel van ons ! 

 

Joris, ‘als broer van’ heb je het me de eerste maanden in het leven van je 

zus niet gemakkelijk gemaakt. Na deze ballotage heb ik je echt leren kennen 

en beschouw je inmiddels naast zwager ook als vriend. 

 

Mijn schoonouders, Bert en Anne-Lies,  

Jullie steun en interesse in mijn onderzoek heeft mij veel gedaan. Dank voor 

alle gezellige reisjes de afgelopen jaren, welke altijd toch een beetje 

vakantie waren omdat de zomervakantie weer verviel door onderzoek en 

studie.   

 

Walter & Mignon, Larissa, Mikayla, Anouchka  

Dank voor de gezelligheid de afgelopen jaren. Ik hoop in de toekomst weer 

iets meer tijd te hebben om wat vaker langs te komen. 

 

Mijn ouders, pap en mam, 

Ik wil jullie danken voor alles wat jullie voor mij gedaan hebben. Jullie 

hebben altijd voor mij klaar gestaan. Dank voor jullie enorme steun en 

toewijding in mijn studie, mijn onderzoek, maar bovenal in mijn leven. 

 

Lieve Marieke,  

Toen je mij leerde kennen als net begonnen geneeskunde student had je 

nooit kunnen weten dat die weg zo lang kon zijn. Dank voor je immer 

aanwezige humor, support, motivatie en inspiratie. Ook wil ik je danken voor 

al die weekenden en vakanties dat je me hebt moeten delen met de 

wetenschap. Van deze ‘ménage à trois’ ben je nu (even..…) af.  

Ik ga graag samen met jou ‘onze’ toekomst in. 
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De schrijver van dit proefschrift werd geboren op 27 juli 1972 te Schiedam. 

In 1991 deed hij eindexamen VWO op KSG de Breul in Zeist. In verband met 

uitloting voor de studie geneeskunde studeerde hij een jaar economie aan 

de Erasmus Universiteit Rotterdam en een jaar Fysiotherapie aan de 

Hogeschool van Utrecht waarvan de propedeuse werd behaald. In 1993 

begon hij met de studie geneeskunde aan de Universiteit van Utrecht. Voor 

zijn wetenschappelijke stage verrichtte hij onderzoek op de afdeling 

gastroenterologie van het UMCU Utrecht (Prof. M. Samsom, Prof  A.J.P.M 

Smout). In 1999 tot 2002 werkte hij als onderzoeker op deze afdeling alwaar 

de basis werd gelegd voor dit proefschrift. Gedurende deze periode werd 

veelvuldig samengewerkt met Prof. T. Hausken  (Bergen, Noorwegen). Na 

deze onderzoeksperiode werd de studie middels co-schappen afgerond en 

in 2004 werd de artsenbul behaald. Op 1 november 2004 begon hij met de 

klinische opleiding gastroenterologie. De vooropleiding interne geneeskunde 

werd hiervoor verricht in het Meander Medisch Centrum te Amersfoort 

(Opleider: Dr. A. van de Wiel, Dr. C.A..J.M. Gaillard). Per 1 november 2006 

heeft hij zijn opleiding Gastroenterologie voortgezet in het Meander Medisch 

Centrum (Opleider: Drs. J.R. Vermeijden). Het laatste deel van de opleiding 

zal verricht worden in het UMC Utrecht (opleider: prof. M. Samsom). 

  

 


