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Abstract

Background Different studies indicated a correlation
between intragastric pressure (IGP) and satiation.
Our aim was to investigate this correlation while
artificially increasing the IGP. Methods In 12 fasted
healthy volunteers an infusion catheter and a
manometry probe were positioned intragastrically.
Intragastric pressure was increased using a custom-
made belt before or progressively during intragastric
nutrient infusion. Nutrient drink (1.5 kcal mL™) was
intragastrically infused at 60 mL min~!. The subjects
scored satiation using a 6-point Likert scale until
maximum, when the infusion ended and the belt was
released. Results are presented as mean + S.E.M. and
compared using a paired t-test. Key Results When the
belt was tightened before the nutrient infusion, fast-
ing IGP was significantly increased (13.6+ 1.3 vs
9.6 + 0.9 mmHg; P < 0.05) but no differences in sati-
ation could be observed. When progressively tight-
ening the belt during nutrient infusion the IGP
increased with 0.43 + 0.04 mmHg per minute while
in control experiments this was 0.28 + 0.05 mmHg
per minute (P < 0.01). During the latter experiment
satiation linearly increased with 0.35 + 0.03 and
0.29 + 0.02 units per minute until maximal satiation
(P < 0.01) while maximum volume consumed was
926 + 66 and 1095+ 82 mL when progressively
increasing the IGP vs control respectively (P < 0.01).
Conclusions e Inferences These findings indicate
that IGP per se does not affect satiation but that a
gradual IGP increase during food intake is associated
with decreased food intake, indicating that gastric
accommodation is an important determinant of food
intake.
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INTRODUCTION

In between meals the proximal stomach maintains a
high basal muscle tone, mediated by the myoelectrical
properties of the fundus' and by the constant cholin-
ergic input from the vagus nerves.2 Proximal gastric
tone decreases upon food intake, a reflex relaxation
that is mediated by different (para)sympathetic reflex
pathways that have been shown to decrease the
contractile cholinergic input and activate the release
of nitric oxide (NO).** This gastric accommodation
(GA) reflex increases the storage capacity of the
stomach by increasing the compliance of the stomach
muscles and thus keeps the intragastric pressure (IGP)
low during food intake.*®

A number of studies have investigated the impor-
tance of GA in relation to food intake in both healthy
volunteers and patients using the barostat.* In a
subgroup of functional dyspeptic patients for example,
we demonstrated that early satiation and weight loss
can be attributed to impaired GA.” Also in binge eating
disorder, bulimia nervosa and cancer patients a possible
correlation between GA and food intake or satiety has
been described.® 10 Although the barostat is considered
the golden standard to assess GA, it is less suitable to
use during unrestricted food intake because of the
presence of an inflated intragastric balloon. We re-
cently reported a technique that allows to assess
changes in gastric tone during food intake by measur-
ing the IGP.'"'? Indeed, when GA is impaired, IGP is
higher during food intake while a relaxation of the
stomach is accompanied with an IGP decrease.'* Using
this technique we observed that the IGP during nutri-
ent drink ingestion is significantly correlated to satia-
tion and the nutrient volume required to induce
maximal satiation.!!!2

These findings indicate that the regulation of IGP
during food intake is an important determinant of food
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intake, and that impaired GA is associated with
decreased food intake. Most of the studies above report
correlations between GA, IGP and nutrient tolerance, but
changes in food intake could well be mediated by other
mechanisms not necessarily related to changes in GA.

In this study we aimed to directly determine the
effect of IGP changes on food intake in healthy
volunteers by simultaneously measuring IGP and
satiation during food intake in a control situation, in
a situation where the IGP was constantly mechanically
increased and while the IGP was gradually mechani-
cally increased.

METHODS

Study subjects

All study procedures were approved by the Ethics Committee of the
Leuven University Hospital, Belgium. Written, informed consent
was obtained from all subjects. A total of 12 healthy volunteers
(HVs; five men, age: 31 =3years, body mass index:
22.0 + 0.7 kg m~2) participated in the studies, most volunteers
participated in both protocols (see below). In each protocol, 10 HVs
were included. None of the HV’s had symptoms or a history of
gastrointestinal disease, other significant diseases, psychological
disorders or drug allergies; none were taking any medication or had
any drug history. All participants participated after an overnight
fast, furthermore were they asked to refrain from alcohol, tea, and
coffee atleast 12 h before participation, and to refrain from smoking
cigarettes at least 1 h before the start of the experiment.

IGP measurement during nutrient infusion

Preparation of the volunteers A high-resolution solid-state
manometer system was used (36 channels, 1 cm in between each
channel, Manoscan 360, Sierra Scientific Instruments, Los Ange-
les, CA, USA, Manoview analysis software v2.0.1). Upon arrival in
the clinic the manometer was positioned through the nose so that
at least one sensor was positioned in the lower esophageal
sphincter (LES; detected as a clearly elevated pressure zone com-
pared to oral and aboral areas), while IGP was measured as the
average pressure of the first five pressure channels that were
clearly positioned below the LES or the pressure area influenced
by the LES (approximately 3-8 ¢cm under the LES).

A second catheter (Flocare, Nutricia, Bornem, Belgium) was
positioned in the stomach through the mouth through which
nutrient drink could be infused directly into the stomach. The tip
of the infusion catheter was positioned approximately 5 cm under
the LES and its position was verified by fluoroscopy. The catheters
were fixed to the subjects chin.

General protocol After positioning of the catheters the HVs were
asked to take place in a chair. Volunteers were equipped with a
specially-designed belt around the abdomen that could be used to
increase the pressure on a specific location on the abdomen (see
below). Following a stabilization period of at least 30 min, nutri-
ent drink (Nutridrink, Nutricia, Zoetmeer, The Netherlands; 630
KJ, 6 g proteins, 18.4 g carbohydrates, and 5.8 g lipids per 100 mL)
was infused directly into the stomach at a constant speed of
60 mL min~! determined by an automated system using a peri-
staltic pump. During nutrient infusion the HVs were asked to
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score their satiation at 1-min intervals, using a graphic rating
scale that combines verbal descriptors on a scale graded of 0-5 (1,
threshold; 5, maximum satiation). Maximum satiation was
defined as the moment the HV’s could not tolerate more nutrient
drink. At 5-min intervals the HV’s were asked to fill out a visual
analogue scale for 11 epigastric symptoms (fullness, bloating,
nausea, belching, epigastric burning, substernal burning, subster-
nal cramps, abdominal cramps, pain, hunger, and appetite). The
visual analogue scale was 100 mm long (0 mm: no feeling,
100 mm: the worst imaginable feeling). Intragastric infusion was
stopped as soon as the HVs scored maximally on one of the 11
epigastric symptoms or when a score of 5 was reached on their
satiation scores, hereafter the experiment was terminated.

Study design — regulation of IGP We previously observed that
during nutrient infusion IGP decreases initially but gradually
increases upon continuous nutrient infusion. The nadir pressure
was defined as the lowest IGP during nutrient infusion and from
previous work we know this pressure is reached 4.9 + 0.5 min
after the start of the nutrient infusion.'? From the same study we
know that the IGP increase from nadir IGP correlates very well to
the corresponding satiation scores. In the present study the effect
of mechanically increased IGP on satiation was studied in two
different protocols (Fig. 1): in the 1st protocol the fasting IGP was
increased with approximately 5 mmHg while in the 2nd protocol
the IGP was progressively increased with approximately 5 mmHg
during food intake after the nadir IGP was reached. Per protocol
the experiments were planned with the appropriate control
experiment in a randomized crossover fashion. A specially
designed belt was used that allowed to increase the pressure on a
specific location of the abdomen using a cylindrical plastic
attachment (5 cm diameter and 15 ¢m long) to the belt that could
be located on a specific place on the abdomen so that when
tightening the belt the pressure under the attachment increased,
while no pressure on the adjacent abdomen was applied.

Data analysis

The original data was imported from the recording software to
excel. We were primarily interested in slow IGP changes that
could reflect changes in gastric muscle tone. Therefore, and in
order to avoid influence from movement artefacts as well as
artefacts caused by coughing, sneezing, moving or swallowing a
moving median was calculated per channel from the original data
(median value over 1 min of original data). Per channel, a baseline
value was calculated from the moving median data as the average
pressure in the last 5 min of the stabilization period. IGP data was
presented per minute as the difference of the moving median
value in that minute and the baseline value as the average value of
the five measurement channels that were clearly positioned below
the LES as described above. Maximum IGP decrease was reported
as the difference between the baseline value and the nadir IGP.

All data were presented as mean = S.E.M. and compared with a
paired, 2-tailed t-test; P < 0.05 was considered significant.

RESULTS

Increased fasting IGP

The IGP before the nutrient drink infusion start (base-
line IGP) was significantly elevated when the belt was
continuously tightened around the stomach (from
9.6 + 1.6 to 13.6 = 1.3 mmHg before and after the belt
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A Catheter placement Start nutrient drink infusion Maximal satiation
1‘
IGP increased with 5 mmHg I('!P increased with 5 mmHg
B Catheter placement Start nutrient drink infusion Maximal satiation
AR
IGP increased with 5 mmT—|g IGP i'Icreased gradually with 5 mmHg
C Catheter placement Start nutrient drink infusion Maximal satiation
T

IGP increased with 5 mmHg

Figure 1 A schematic representation of the different protocols in the study. In all protocols a stabilization period was respected after positioning of
the catheters. During the stabilisation period, a custom-made belt was positioned around the upper abdomen with an attachment between the belt
and the abdomen on top of the stomach and it was determined how tight the belt had to be to increase the IGP with approximately 5 mmHg.
Hereafter the belt was released and a period of at least 15 min was respected before the intragastric nutrient infusion was started. In the 1st
protocol (A) the belt was tightened around the upper abdomen to increase the fasting IGP with approximately 5 mmHg 10 min before the nutrient
infusion started until the end of the experiment. In the 2nd protocol (B) the IGP was progressively increased during nutrient infusion by tightening the
belt gradually, starting 5 min after nutrient infusion started so that the belt was tightened maximally (as determined in the stabilisation period)
10 min after the nutrient infusion started, hence from 5 to 10 min after the nutrient infusion started the IGP was increased with an extra

1 mmHg per minute. In the control experiments (C) the belt was tightened around the lower abdomen, more specifically on the area above the
right hip. No IGP increase could be measured when tightening the belt around this part of the abdomen. At maximal satiation, the nutrient
drink ingestion stopped and the belt was released.

was constricted respectively; P < 0.01) and was signifi- maximal IGP decrease was 3.2 + 0.5 mmHg after
cantly higher as compared to the control IGP group 4.0 = 0.7 min and 2.8 + 0.7 mmHg after 4.4 + 0.7 min
(9.6 £ 0.9 mmHg; P < 0.05). When nutrient infusion (NS). Five minutes after the start of the nutrient
started, the IGP initially decreased but gradually infusion the belt was progressively tightened over the
increased again upon continuous infusion (Fig. 2). No stomach or lower abdomen. From this point IGP
significant difference between the maximal IGP de- increased with 0.43 = 0.04 and 0.28 + 0.05 mmHg per
crease was observed when the fasting IGP was increased minute until 2.6 + 0.6 and 1.2 =+ 0.5 mmHg above the
vs the control experiment (4.1 + 0.6 mmHg after baseline IGP at the end of the experiment when the
5.6 + 1.0 min and 3.2 + 0.4 mmHg after 3.8 = 0.7 min belt was tightened over stomach area vs lower abdo-
respectively; NS). From the nadir IGP, the pressure men respectively (Fig. 2B; P < 0.01).
increased with 0.37 + 0.1 and 0.33 + 0.05 mmHg per Satiation linearly increased from the start of the
minute until 2.2 + 0.7 and 2.0 + 0.6 mmHg above the nutrient infusion with 0.35 + 0.03 and 0.29 + 0.02
baseline IGP at the end of the experiment with increased units per minute until maximal satiation (P < 0.01);
and control fasting IGP respectively (Fig. 2A; NS). maximum volume consumed at maximal satiation was
Satiation linearly increased from the start of the 926 + 66 and 1095 + 82 mL in group where the IGP
nutrient infusion with 0.30 + 0.02 and 0.29 = 0.02 was progressively increased vs the control group
units per minute until maximal satiation (NS); maxi- respectively (Fig. 2B; P < 0.01).
mum volume consumed at maximal satiation was No significant differences could be observed between
978 + 94 and 1072 + 73 mL with increased and control any of the 11 epigastric symptoms at any time point
fasting IGP respectively (Fig. 2A; NS). before, during or after nutrient infusion.

No significant differences could be observed between
any of the 11 epigastric symptoms at any time point DISCUSSION

before, during or after nutrient infusion.
In this study we investigated the effect of increased

fasting IGP and gradual IGP increase during food

Increased IGP during nutrient infusion . . _
intake on satiation. Satiation was only affected when

Baseline/fasting IGP was similar in both groups IGP was progressively increased during food intake
(9.3 +0.9 vs 10.1 + 0.9 mmHg in the group with while it was not affected when the fasting IGP was
increased IGP vs control group respectively; NS). The increased.
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Figure 2 Average intragastric pressure (IGP; solid lines) and satiation
scores (interrupted lines) before and during intragastric nutrient infu-
sion. Data was shown until the volunteers scored maximal satiation.
(A) Experiment was performed while a belt was constantly tightened
around the lower abdomen (control experiment) or around the stom-
ach. (B) Experiment was performed while progressively tightening a
belt around the lower abdomen (control experiment) or around the
stomach. Data was represented as mean = S.E.M. and after subtraction
of the baseline value (calculated in the 5 min before nutrient infusion)
until 50% of the volunteers reached maximum satiation. **P < 0.01.

Fasting IGP has been correlated to abdominal
pressure, BMI, and waist circumference.'®>* From the
literature there is no indication that people with
increased BMI eat smaller meals or that people with
decreased BMI and eat larger meals. On the contrary,
there appears to be a positive correlation between BMI
and meal size or satiation which has been attributed
in obese people to an increased stomach capacity.'> !¢
In the present study we showed that when the fasting
IGP is increased food intake is not affected. Our
findings therefore seem to confirm the hypothesis
that increased meal size in obese is caused by an
increased stomach capacity and is not affected by
fasting IGP.7

The GA reflex decreases the gastric muscle tone
during food intake to provide the meal with a reservoir
for ingested food while avoiding IGP increase.> 820
When GA is impaired, fasting IGP is not affected;
however IGP will increase more during food intake. We
previously discussed that IGP can be used as an
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indirect measurement for GA'? but also other groups
showed that in healthy volunteers IGP increase is
minor or stable during stomach distension but IGP
increased during stomach distension in patients
with impaired GA e.g., after vagotomy, patients
with Chagas’ disease and patients with functional
dyspepsia.2t~2*

In the present study we mimicked this aspect of
impaired GA. While constraining the belt with the
attachment over the lower abdomen no changes in IGP
were measurable indicating that our method allows to
locally increase the pressure without carry over effect
to the upper abdomen. While constraining the belt
with the attachment over the stomach, IGP increased
significantly and based on the comparison with the
belt constricted over the lower abdomen we assume
that the effect was local. When we progressively
augmented the IGP, satiation was significantly in-
creased during nutrient infusion, indicating that a
higher IGP affects food intake as suggested before by
our group and others.*” It has to be noted that, most
likely, the mechanical push of the attachment on the
stomach did not alter muscle tone and consequently
our model does not mimic all aspects of impaired GA.
It is more likely that the mechanical push of the
attachment on the belt caused redistribution of the
food from the proximal stomach to the antrum as has
also been shown in imaging studies with patients with
impaired GA.>>?° As the antrum is less compliant
than the proximal stomach it is more sensitive to
distension, and increased feelings of fullness and
satiation in patients with impaired GA can originate
from the antrum.?” Furthermore, increased IGP could
increase gastric emptying of liquid but also of solid
f00d*®2% which in turn could influence satiety and
food intake.?!

The question remains why increasing the fasting
IGP did not affect satiation while gradually increasing
the IGP did. One possible explanation for this might be
that the mechanosensors in the stomach are sensitive
to changes but can rapidly adapt to them. Indeed it has
been postulated before that rapidly adapting mechano-
sensors in the stomach mucosa are involved in sensa-
tions during gastric distension.?”?® Given that in the
first protocol the belt was tightened 10 min before the
nutrient infusion started while in the second protocol
the IGP was gradually increased during food intake the
existence of rapidly adapting mechanosensors might
explain the different effects on satiation, although this
remains speculative and further research on the
involvement of rapidly adapting mechanosensors in
the control of food intake is needed. Alternatively,
increasing the fasting IGP vs gradually increasing the
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IGP might have differential effects on gastric empty-

FUNDING

ing and therefore nutrient feedback. Indeed, gastric

accommodation has been shown to be a parameter in

the determination of gastric emptying, especially of
liquids.*

Taken together, these findings indicate that the DISCLOSURE

regulation of IGP during food intake is an important

determinant of food intake, and that impaired GA is

associated with decreased food intake.

ACKNOWLEDGMENTS

PJ is a postdoctoral research fellow of the FWO Flanders. This
work was supported by an FWO grant and a Methusalem grant to

No funding declared.

Neurogastroenterology and Motility

No competing interests declared.

AUTHOR CONTRIBUTIONS

PJ and SV contributed to conception and design of the experi-
ments, collection, analysis, and interpretation of data and drafting

the article; JT contributed to conception and design of the
experiments, and revising the manuscript critically for important
intellectual content.

JT.
REFERENCES
1 el Sharkawy TY, Morgan KG,

10

Szurszewski JH. Intracellular electri-
cal activity of canine and human
gastric smooth muscle. | Physiol
1978; 279: 291-307.

Azpiroz F, Malagelada JR. Importance
of vagal input in maintaining gastric
tone in the dog. | Physiol 1987; 384:
511-24.

Tack J, Demedts I. Role of nitric oxide
in the gastric accommodation reflex
and in meal induced satiety in
humans. Gut 2002; 51: 219-24.
Janssen P, Vanden Berghe P,
Verschueren S et al. Review article:
the role of gastric motility in the
control of food intake. Aliment
Pharmacol Ther 2011; 33: 880-94.
Moragas G, Azpiroz F, Pavia | et al.
Relations among intragastric pres-
sure, postcibal perception, and gastric
emptying. Am | Physiol 1993; 264:
G1112-7.

Kindt S, Tack J. Impaired gastric
accommodation and its role in dys-
pepsia. Gut 2006; 55: 1685-91.

Tack J, Piessevaux H, Coulie B et al.
Role of impaired gastric accommoda-
tion to a meal in functional dyspep-
sia. Gastroenterology 1998; 115:
1346-52.

Geliebter A, Yahav EK, Gluck ME
et al. Gastric capacity, test meal
intake, and appetitive hormones in
binge eating disorder. Physiol Behav
2004; 81: 735-40.

Zimmerli EJ, Walsh BT, Guss JL et al.
Gastric compliance in bulimia nerv-
osa. Physiol Behav 2006; 87: 441-6.
Davis MP, Walsh D, Lagman R et al.
Early satiety in cancer patients: a

11

12

13

14

15

16

17

common and important but under-
recognized symptom. Support Care
Cancer 2006; 14: 693-8.

Janssen P, Pottel H, Vos R et al
Endogenously released opioids medi-
ate meal-induced gastric relaxation
via peripheral mu-opioid receptors.
Aliment Pharmacol Ther 2011; 33:
607-14.

Janssen P, Verschueren S, Huynh
Giao L et al. Intragastric pressure
during food intake: a physiological
and minimally invasive method to
assess gastric accommodation. Neu-
rogastroenterol Motil 2011; 23: 316~
22.

El-Serag HB, Tran T, Richardson P
et al. Anthropometric correlates of
intragastric pressure. Scand | Gastro-
enterol 2006; 41: 887-91.

de Vries DR, van Herwaarden MA,
Smout AJ et al. Gastroesophageal
pressure gradients in gastroesopha-
geal reflux disease: relations with
hiatal hernia, body mass index,
and esophageal acid exposure.
Am ] Gastroenterol 2008; 103: 1349—
54.

Delgado-Aros S, Cremonini F,
Castillo JE etal  Independent
influences of body mass and gas-
tric volumes on satiation in
humans. Gastroenterology 2004; 126:
432-40.

Geliebter A. Gastric distension and
gastric capacity in relation to food
intake in humans. Physiol Behav
1988; 44: 665-8.

Geliebter A. Discussion on indepen-
dent influences of body mass and
gastric volumes on satiation in
humans. Gastroenterology 2004; 127:
1276-7.

e267

18

19

20

21

22

23

24

25

26

Cannon WB, Lieb CW. The receptive
relaxation of the stomach. Am |
Physiol 1911; 29: 267-73.

Mayer EA. The physiology of gastric
storage and emptying. In: Leonard RJ,
Kim EB, Fayez KG, Juanita LM,
Hamid MS, Jackie DW, eds. Physio-
logy of the Gastrointestinal Tract, 3rd
edn. New York: Raven Press, 1994:
929-76.

Code CF, Carlson HC. Motor activity
of the stomach. In: Schultz SG,
Makhlouf GM, Bauner BB, eds.
Handbook of Physiology, vol 4.
Washington: American Physiological
Society, 1968: 1903-16.

Ahluwalia NK, Thompson DG, Bar-
low J et al. Relaxation responses of
the human proximal stomach to dis-
tension during fasting and after food.
Am ] Physiol 1994; 267: G166-72.
Jahnberg T, Martinson J, Hulten L
et al. Dynamic gastric response to
expansion before and after vagotomy.
Scand ] Gastroenterol 1975; 10: 593-8.
Oliveira RB, Troncon LE, Meneghelli
UG et al. Impaired gastric accommo-
dation to distension and rapid gastric
emptying in patients with Chagas’
disease. Dig Dis Sci 1980; 25: 790-4.
Suzuki T, Hirano M, Yamamoto Y.
Examination of visceral perception
and gastric tone by gastric stimula-
tion using air inflation during endos-
copy. | Int Med Res 2005; 33: 160-9.
Troncon LE, Bennett RJ, Ahluwalia
NK et al. Abnormal intragastric dis-
tribution of food during gastric emp-
tying in  functional  dyspepsia
patients. Gut 1994; 35: 327-32.

Gilja OH, Lunding J, Hausken T et al.
Gastric accommodation assessed by

© 2012 Blackwell Publishing Ltd



Volume 24, Number 7, July 2012

27

28

29

ultrasonography. World | Gastro-
enterol 2006; 12: 2825-9.

Sturm K, Parker B, Wishart | et al.
Energy intake and appetite are related
to antral area in healthy young and
older subjects. Am ] Clin Nutr 2004,
80: 656-67.

Hellstrom PM, Gryback P, Jacobsson
H. The physiology of gastric empty-
ing. Best Pract Res Clin Anaesthesiol
2006; 20: 397-407.

Strunz UT, Grossman MI. Effect of
intragastric pressure on  gastric
emptying and secretion. Am ] Physiol
1978; 235: E552-5.

© 2012 Blackwell Publishing Ltd

30

31

32

33

Intragastric pressure determines food intake

Collins PJ, Houghton LA, Read NW
et al. Role of the proximal and distal
stomach in mixed solid and liquid
meal emptying. Gut 1991; 32: 615-9.
Cupples WA. Physiological regula-
tion of food intake. Am J Physiol Re-
gul Integr Comp Physiol 2005; 288:
R1438-43.

Khan MI, Read NW, Grundy D. Effect
of varying the rate and pattern of
gastric distension on its sensory per-
ception and motor activity. Am |
Physiol 1993; 264: t-7.

Berthoud HR, Lynn PA, Blackshaw
LA. Vagal and spinal mechanosensors

€268

34

in the rat stomach and colon have
multiple receptive fields. Am | Phys-
iol Regul Integr Comp Physiol 2001;
280: R1371-81.

Kwiatek MA, Fox MR, Steingoetter A
et al. Effects of clonidine and suma-
triptan on postprandial gastric vol-
ume response, antral contraction
waves and emptying: an MRI study.
Neurogastroenterol Motil 2009; 21:
928-e71.



