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Background: Recently, non-invasive techniques such as 3 dimensional ultrasonography (3DUS) have been
developed to assess gastric wall characteristics and to investigate their relationship with upper
gastrointestinal sensations. To date, no head-to-head comparison has been carried out between the
barostat and the 3DUS technique.
Aim: To compare barostat and 3DUS and to investigate the relationship between gastric volumes and
sensations in patients with functional dyspepsia and in healthy subjects.
Patients and methods: Gastric accommodation was studied in 15 patients with functional dyspepsia and
in 15 healthy subjects after ingestion of a liquid nutrient (300 kcal) using barostat and 3DUS in random
order for 60 min. Proximal gastric relaxation was measured using barostat and gastric volume using
3DUS. Change in gastric volume, acquired by 3DUS, was expressed as total gastric volume/proximal
volume ratio (TGV/PV) and compared with changes in barostat volume (fundal accommodation).
Results: Patients with functional dyspepsia showed a smaller change in proximal gastric volume than
healthy subjects using barostat (mean (SD) 82 (61) v 205 (79) ml, p,0.01) and 3DUS (118 (41) v 199
(39) ml, p,0.01). Dysaccommodation of the proximal stomach was observed in 7 of 15 (46%) patients
using the barostat technique. 10 of 15 (67%) patients were found to have an abnormal change in proximal
gastric volume using TGV/PV ratio. At 5 min postprandially, fullness was related to the change in distal
gastric volume (r = 0.51, p = 0.006) in the 3DUS study, whereas no relationship was observed in the
barostat study.
Conclusion: 3DUS is a feasible non-invasive technique to measure gastric volumes and shows a distinct
overlap with barostat data in healthy subjects and patients with functional dyspepsia. Fullness relates to
distal gastric volumes when assessed by non-invasive 3DUS.

S
ince the development of the barostat by Azpiroz,1–3 a
large number of studies have investigated the role of
motor, especially gastric tone, and sensory function of

the proximal stomach in health and disease. In the
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 considerable
rise in intragastric pressure. An altered meal distribution was
described within a subgroup of patients with functional
dyspepsia.6 After this publication, several studies showed that
impaired gastric accommodation can be observed in a
subgroup of patients with functional dyspepsia,6–11 rumina-
tion syndrome12 and diabetes mellitus,13–15 and after gastric
surgery.10 This impaired accommodation response2 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
an intragastric bag placed in the proximal stomach, to
quantify gastric accommodation after meal ingestion. Using
this technique, it has been shown that about 40% of the
patients with functional dyspepsia have an impaired accom-
modation response.7 The barostat technique, however, has
several disadvantages, such as invasiveness and effect on
gastric physiology.18 These observations prompted the develop-
ment of less invasive techniques to assess change in gastric
volume as a reflection of gastric accommodation. These
techniques include magnetic resonance imaging,19 20 single-
photon-emission computed tomography,21–25 and two-dimen-
sional and three-dimensional ultrasonography (3DUS).16 18 26–32

Recently 3DUS was introduced to assess gastric accommoda-
tion. Previous studies showed that 3DUS has a high accuracy in
estimation of gastric volume33 and that gastric air pockets up to
20% of the total gastric volume do not interfere with 3DUS
volumetry.16 In a subsequent study, we showed the reprodu-
cibility of three-dimensional gastric volume estimations.34

However, to date no study has compared the results obtained
by the barostat technique with those obtained by 3DUS in
patients with functional upper gastrointestinal disorders.

The aim of this study was therefore to perform a head-to-
head comparison of gastric postprandial volumes measured
with the barostat technique and with 3DUS and to
investigate the relationship between gastric volumes and
upper gastrointestinal sensations in patients with functional
dyspepsia and in healthy subjects.

MATERIALS AND METHODS
Study subjects
A total of 15 healthy subjects (6 men, 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 men, age range 21–69 years,
median 38 years; p = 0.06) were included in the study after
obtaining 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

Abbreviations: ANOVA, analysis of variance; 3DUS, three-
dimensional ultrasonography; MDP, minimal distension pressure; ROIs,
regions of interest; TGV/PV, total gastric volume/proximal volume ratio
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gastrointestinal endoscopy, upper abdominal ultrasonogra-
phy and routine biochemistry. The protocol was approved by
the ethics committee of the University Medical Center
Utrecht (Utrecht, The Netherlands). All participants 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 3DUS. Studies were
carried out at 09:00 h after fasting overnight.

Barostat technique
Proximal gastric volume changes were measured using the
barostat technique. The participants were asked to sit on a
bed, leaning slightly backward (at an angle of 110 )̊. A
polyethylene bag with a maximum capacity of 1000 ml
attached to a double-lumen tube (ventrol levin tube, outer
diameter 6 mm, length 120 cm; Nellcor, California, USA) 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-min rest period, minimal
distension pressure (MDP) was determined by increasing the
pressure in the bag in 1-mm Hg increments. MDP was
defined as the lowest pressure level that provided a mean
intrabag volume of 30 ml. For the remainder of the study,
intrabag pressure was set at 2 mm Hg above MDP (MDP+2).
A 15-min equilibration period was followed by a baseline
recording of 15 min. After this baseline period, participants
were asked to drink 200 ml of Nutridrink (300 kcal, Nutricia,
Zoetermeer, The Netherlands), consisting of 12 g protein,
11.6 g fat and 36.8 g carbohydrates, within 3 min using a
straw. Barostatic bag volumes were monitored at MDP+2 for
60 min 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 min postprandially), sensations
(hunger, nausea, fullness and epigastric pain) were scored on
a 100-mm-long visual analogue scale on which 0 mm was no
symptoms and 100 mm was unbearable symptoms. Proximal
gastric dysaccommodation was defined as a fundal accom-
modation response (fundal accommodation = mean accom-
modation volume – mean baseline volume) less than 22
standard deviations (SD) of the mean fundal accommodation
response observed in healthy subjects.7

3DUS technique
Participants were seated in a comfortable chair leaning
slightly backward (at an angle of 110 )̊. A 3DUS measure-
ment of the total stomach was taken as described below.
After this fasting ultrasound scan, a 500-ml, 300-kcal liquid
meal (200 ml Nutridrink (1.5 kcal/ml); Nutricia, The
Netherlands) mixed with 300 ml of water) was ingested
within 3 min. At 5, 15, 30, 45 and 60 min postprandially,
3DUS measurements were repeated and sensations (hunger,
nausea, fullness and epigastric pain) were scored using a
visual analogue scale (as in the 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 localised.
The whole stomach was visualised using a fluent left-to-right
lateral movement of the probe, from fundus to pylorus.
During this sweep, about 400 sagittal images were digitised
and stored on the personal computer using InVivo Scan NT

software (MedCom GmbH, Darmstadt, Germany). During all
sweeps, the position and the orientation of the ultrasound
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
ultrasound probe, defining the position and orientation in
relation to the transmitter. The tracker transmitter was
positioned at a maximum distance of 60 cm from the patient.

Using specialised software (InVivo), the computer calcu-
lated images of transverse and longitudinal planes on the
basis of the information in the sagittal images and the
measured position and orientation of the ultrasound probe.

Regions of interest (ROIs) were then drawn using the
original sagittal ultrasound images. The ROIs were con-
structed using the inner layer of the gastric wall, measuring
the gastric volume. After delineation of the gastric wall in the
sagittal plane, the computer calculated ROIs in the other two
planes and created a three-dimensional image of the stomach
(fig 1). The total gastric volume (TGV) was calculated using
this three-dimensional reconstruction. 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 the proximal part. The 10-cm dimension was
chosen on the basis of the mean maximum postprandial
barostat bag volume being 500 ml. Using the formula
volume = 4/3.p.r3, r was determined to be 4.9. The mean
maximum diameter of the barostat bag was therefore 9.85,
about 10 cm.

The distal antral 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. The third volume in our three-compartment
model, the corpus volume, was calculated by subtracting the
distal volume and proximal volume from the total gastric
volume. TGV, proximal volume, distal volume and corpus
volume were compared between patients with functional
dyspepsia and healthy subjects. To analyse dysaccommoda-
tion using our three-dimensional data, total gastric volume/
proximal volume (TGV/PV) ratios were calculated in all
patients and compared with the upper normal range of the
data of healthy subjects.

Statistical analysis
Data are presented as mean values (standard error of the
mean), except when stated otherwise. Barostat and 3DUS
variables were compared using a two-sided Student’s t test.
The normal range (mean (2 SD)) for the meal-induced
gastric volume increase was calculated from the data
obtained in healthy subjects. A multivariate analysis of
variance (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 Pearson’s correlation coefficient.
Significance was accepted at the 5% level. All statistical
analyses were carried out with SPSS V.11.0 for MS Windows.

RESULTS
Gastric accommodation using the barostat technique
All healthy subjects and patients with functional dyspepsia
completed the barostat study. MDP was comparable in both
groups (healthy subjects mean (SD) 7.3 (0.42) mm Hg;
patients with functional dyspepsia 7.2 (0.47) mm Hg;
p = NS). In healthy subjects, the mean preprandial intragas-
tric bag volume at MDP+2 was 150 (9.2) ml. In all healthy
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subjects, an immediate relaxation of the proximal stomach
was seen after meal ingestion as shown by a barostat bag
volume increase. At 5 min after the meal, the intrabag
volume was significantly larger than the preprandial volume
(150 (9.2) v 312 (16) ml; p,0.001). Mean fundal accom-
modation, calculated using the ‘‘Tack method’’, in the
healthy subjects was 215 (66) ml, with a lower range of
normal of 83 ml.

In patients with functional dyspepsia, the mean (SD)
preprandial intragastric bag volume (at MDP+2) was 195
(20) ml. At 5 min postprandially, a significant increase in
volume was measured (195 (17) v 291 (21); p,0.001). The
mean postprandial barostat bag volume in patients was
significantly smaller than that in healthy subjects (ANOVA
p = 0.001; fig 2). Mean increase in barostat volume was
significantly smaller in patients with functional dyspepsia
(82 (61) v 205 79 ml; p,0). On using the lower range of
normal (83 ml) as a cut-off point, 7 of 15 (47%) patients with
functional dyspepsia showed an impaired proximal gastric
accommodation response as measured by the barostat
technique.

Gastric accommodation using 3DUS
The mean fasting total gastric volume was comparable in
both groups (healthy subjects 32.5 (2.5) ml, patients with
functional dyspepsia 44.4 (7.2) ml; p = NS). Mean fasting
distal stomach volume was larger in patients with functional
dyspepsia than in healthy subjects (5.6 (0.44) v 2.9 (0.26);
p = 0.001).

No difference was observed in TGV between both groups
(ANOVA p = NS) in the first postprandial hour. During the
first postprandial hour, proximal gastric volume was sig-
nificantly smaller in patients with functional dyspepsia
compared with healthy subjects (ANOVA p,0.001), although
distal gastric volume was significantly larger in patients with
functional dyspepsia than in healthy subjects (ANOVA
p = 0.001; fig 3). The volume of the third compartment, the
corpus volume, was significantly smaller in healthy subjects
than in patients with functional dyspepsia (ANOVA
p = 0.001) during the first postprandial hour. Given that
TGV is comparable in both groups, this implies that the meal
in patients with functional dyspepsia was shifted towards the
corpus and distal stomach. The sum of distal volume and
proximal volume was never larger than TGV; consequently,
the distal and proximal gastric volumes did not overlap.

The mean (SD) TGV/PV ratio in healthy subjects was 2.12
(0.24). The cut-off point was at 2.61. Thus, abnormal
accommodation was observed in 10 of 15 (67%) patients.
Six of these patients with abnormal accommodation were
also detected by the barostat technique. The seventh patient
detected as dysaccommodant by the barostat had a TGV/PV
ratio of 2.60 and could be considered as borderline.

Relationship between three-dimensional gastric
volume and barostat volume data
TGV measured with 3DUS 5 min postprandially showed a
significant, albeit weak, relation with barostat data (r = 0.37,
p = 0.046). However, proximal volume showed a stronger
correlation (r = 0.55, p = 0.002) with barostat data 5 min
after the meal. Distal volume was not related to barostat
volumes (r = 20.32, p = 0.08).

Upper gastrointestinal sensations
Barostat technique
Both in healthy subjects and in patients with functional
dyspepsia, a significant increase in the sensation fullness
(healthy subjects 3.5 (1.2) v 26.3 (5.6), p = 0.001; functional
dyspepsia 7.9 (2.9) v 57.3 (6), p,0.001) and a decrease in the
sensation hunger was observed (healthy subjects 30.5 (7.2) v
16.2 (5.1), p = 0.04; functional dyspepsia 35 (8.7) v 12 (5.9),
p = 0.008) 5 min after the meal. The mean postprandial
fullness and hunger were significantly different between
healthy subjects and patients with functional dyspepsia
(ANOVA p,0.001, ANOVA p = 0.03).

No significant changes occurred in nausea (healthy
subjects 2.0 (0.78) v 5.0 (2.4), p = NS; patients with
functional dyspepsia 11.4 (3.9) v 16.3 (6.4), p = NS) or upper
abdominal pain (healthy subjects 0.5 (0.21) v 1.1 (0.4),
p = NS; patients with functional dyspepsia 8.5 (3.3) v 21.3
(7.9), p = NS).

Figure 1 Three-dimensional ultrasonographic images showing an example of the stomach of a healthy subject (left) and a patient with functional
dyspepsia (right). Note the larger distal part and the smaller proximal part of the stomach in functional dyspepsia.

450

350

400

300

250

200

150

100

50

0
0 15 30 45 60

Ba
ro

sta
t v

ol
um

e 
(m

l)

Time (min)

Figure 2 Mean intragastric bag volume in patients with functional
dyspepsia (squares) and in healthy subjects (circles). Ingestion of the
meal induces a rapid and sustained increase in intragastric bag volume
in both functional dyspepsia and healthy subjects. However, in functional
dyspepsia there is a significantly smaller bag volume than in healthy
subjects (analysis of variance p = 0.001).
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3DUS technique
In both patients and healthy subjects, an increase in the
sensation fullness (healthy subjects 5.1 (2.4) v 61.3 (4.9),
p,0.001; patients with functional dyspepsia 5.4 (2.0) v 65.5
(7.1), p ,0.001) as well as a decrease in the sensation hunger
(healthy subjects 37.4 (5.8) v 12 (3.9), p,0.001; patients with
functional dyspepsia 45.2 (8.1) v 13.6 (5.6), p = 0.001) were
observed 5 min after meal ingestion. The mean postprandial
fullness and hunger were significantly different between
healthy subjects and patients with functional dyspepsia
(ANOVA p = 0.01, p = 0.05). No changes were observed in
the sensations nausea (healthy subjects 5.9 (3.9) v 9.4 (3.9),
p = NS; patients with functional dyspepsia 20.1 (6.8) v 25.7
(6.9), p = NS) and upper abdominal pain (healthy subjects
0.6 (0.25) v 0.7 (0.36), p = NS; patients with functional
dyspepsia 21.6 (7.3) v 19 (7.1), p = NS).

Although both patients and healthy subjects showed a
significant increase in fullness, in the 3DUS study, patients
experienced fullness longer than healthy subjects. At 60 min,
patients with functional dyspepsia still had a significantly
higher fullness score than healthy subjects (37.9 (6.5) v 18.6
(2.9), p = 0.035).

Relationship between gastric volume data and
gastrointestinal sensations
Barostat data showed a negative, non-significant relation
with the increase in fullness (r = 20.25, p = 0.18). Using the
3DUS technique, no relations were found between the
increase in TGV and proximal volume and gastrointestinal
sensations. When analysed separately, the increase in distal
volume was related to fullness in healthy subjects (r = 0.78,

p,0.001), whereas a borderline significant relation was seen
in patients with functional dyspepsia (r = 0.52, p = 0.05) 5-
min postprandially (fig 4). No relationships were found with
the sensations hunger and pain.

DISCUSSION
The major findings of the study are: (1) 3DUS can be used to
identify patients with functional dyspepsia with impaired
relaxation of the proximal stomach during a barostat
experiment; (2) 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 an impaired accommodation response to a
liquid nutrient measured using the barostat. This is compar-
able with the 40% that was earlier described by Tack et al.7

The TGV/PV ratios calculated from 3DUS data showed
impaired volume change of the proximal stomach in 10 of
15 (67%) patients. Six of 7 patients detected by the barostat
as dysaccommodants were also picked up by 3DUS, whereas
the seventh patient was borderline–normal. Thus, almost all
patients with functional dyspepsia who were regarded as
having dysaccommodation by the barostat study were
identified using the non-invasive ultrasonographic technique
to assess changes in partial gastric volumes after ingestion of
a liquid nutrient. In addition, 3DUS detected impaired
proximal volume changes in some participants, with a
normal accommodation response using the barostat. The
normal accommodation response might be explained by the
differences in the stimulus resulting in gastric accommoda-
tion. The barostat technique requires a bag positioned in the
proximal stomach, which is kept at a constant pressure above
the intra-abdominal pressure, whereas the volume challenge
in the two experiments is comparable; the pressure compo-
nent is substantially different.18

This study showed that patients with functional dyspepsia
have not only a smaller proximal gastric volume after meal
ingestion but also a larger distal antral volume when assessed
by 3DUS. Direct comparison of proximal volume assessed
with 3DUS and barostat bag volume showed a correlation
with an r value of 0.55, which indicates a clear relationship.
However, it also indicates that the techniques are not
interchangeable, which is likely because of 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 2DUS. Moreover, it confirms the observation
by Caldarella et al38 of antrofundic dysfunctions in functional
dyspepsia. Our primary aim was to compare the findings
obtained from the barostat technique with the non-invasive
3DUS technique. We therefore used a three-compartment
model in this study. Calculating a proximal volume compart-
ment, which was comparable to the barostat bag volume,
enabled us to compare both techniques optimally. By
contrast, others used a two-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 3DUS might give new information about
the most ideal model of division of the different anatomical
and physiological gastric parts, which will depict the
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 healthy subjects than in patients
with functional dyspepsia. This suggests that in health the
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Figure 3 Mean proximal (A) and distal (B) volumes in patients with
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(ANOVA p = 0.001) compared with those in healthy subjects using 3D
ultrasonography.
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interplay between distal gastric volume, tone and compliance
plays an important part in the intensity of the sensation
fullness, whereas generation of fullness in functional
dyspepsia is a more complex phenomenon that is also
modulated by other regions of the stomach or influenced
by gastric sensitivity.39

In our study, the median age difference between healthy
subjects and patients was, although not significantly differ-
ent, 10 years. In a recent study by Delgado-Aros et al,40 no
effect of age was seen on gastric preprandial and postprandial
volumes. In addition, in a 3DUS study conducted in our
motility lab in which more that 100 subjects participated, no
effect of age could be detected.47 Hence, the results of our
study were probably not 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—for example,
cardiology41 and obstetrics42 43—most clinical scanning
remains in 2D. In the gastroenterology field, 3DUS is a
relatively new technique. The Bergen group showed that
3DUS enhances accuracy in volume estimation31 compared
with 2DUS.44 45 In addition, using 3DUS, total stomach
volume as well as partial gastric volumes can be calculated.

However, there are some potential disadvantages using
3DUS,46 such as air pockets that reside in the stomach. Tefera
et al33 dealt with this point by classifying the amounts of air
(0: no visible air, 1: small amounts, 2: moderate amounts and
3: large amounts, affecting the quality of ultrasonography
and hence necessitating exclusion from the study). They
showed in a study with 40 participants that none of the
participants had to be excluded because of large air pockets,
and that the presence of air did not influence the results.
Recently, we showed 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 participants in the seated
position, disturbing air–fluid interfaces were not encoun-
tered.

The findings of our present study encourage the use of
3DUS in large groups of patients to investigate the
characteristics of the human stomach in upper gastrointest-
inal diseases and to evaluate pharmacotherapy. These studies
will increase our understanding of the pathophysiology of
functional gastric disorders, especially functional dyspepsia
and its relationship with upper gastrointestinal sensations.

In conclusion, 3DUS is a reliable non-invasive technique of
measuring gastric volumes and shows a large overlap with
the findings in the evaluation of gastric physiology using the
barostat in patients with functional dyspepsia. However,
there are differences that need 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
part in the generation of this sensation in functional
dyspepsia.
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Answer From question on page 1703
Extensive pancreatectomy of the residual pancreas was carried out and histological

examination showed intraductal papillary mucinous adenoma with moderate atypia.
Pathological findings were similar to those of the previously resected specimen. Atypical
cells were not identified at the previous surgical margin.

First described in 1982,1 intraductal papillary mucinous neoplasm has recently been
established as a distinct entity.2 The clinical manifestation of this disease shows slow
growth, rarely infiltrating the surrounding parenchyma, and a relatively better prognosis.3

However, synchronous and metachronous development based on the coexisting potential for
developing malignant epithelium along the whole pancreatic duct has been recognised as
one of the clinical issues to be noted.4–7 A sequence from atypical hyperplasia to adenoma to
carcinoma is often observed. The biological behaviour of this entity creates debates on how
and what kind of strategies should be selected for appropriate treatment. An international
consensus guideline has recently been proposed for management of intraductal papillary
mucinous neoplasms.8 A close follow-up is needed after surgical treatment under the
present situation. Genetic approaches are awaited to help predict the risk of metachronous
tumour development in such difficult cases.

doi: 10.1136/gut.2006.092247
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