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Mechanics of gastroduodenal emptying
A study of gastric and duodenal emptying with miniature balloons

and intestinal glass electrodes
J. RHODES, P. GOODALL, AND H. T. APSIMON
From the Departments ofMedicine, Surgery, and Radiology,

The Royal Infirmary, Cardiff

EDITORIAL COMMENT Gastric emptying can occur with only small increases in antral pressure and
even in the absence of any rise in pressure.

The pH of duodenal contents fluctuates widely.
These fluctuations may be due to intermittent ejec-
tion of gastric acid contents. In this paper we report
an investigation into the relationship between these
fluctuations in duodenal pH and gastric emptying.

METHODS

SUBJECTS There were three normal people (nos. 2, 3, and
4) and four patients with duodenal ulcer (nos. 1, 5, 6, and
7).

THE TUBE A composite tube system was used (Fig. 1)
which consisted of two intestinal electrodes (Cambridge
Instrument Co. Ltd.), a reference lead from the calomel
electrode, two air-filled balloons, and a terminal rubber
bag which was filled with water. The two electrodes were
15 cm. apart with a balloon 5 cm. proximal to each. The .......

individual tubes were joined at their ends by rubber
collars. In two experiments (subjects 1 and 2) the tube was
modified and a single antral balloon was used with three
duodenal electrodes which were 5, 12, and 25 cm. distal FIG. 1. The tube, with two glass electrodes, two small air-
to the balloon. fillfd balloons, and a terminal weighted bag.

PROCEDURE The tube was passed after the nasal cavity Duodenal
had been anaesthetized with cocaine. The position of the ca

tube was at first adjusted under radiological control so electrode
that the proximal balloon was in the gastric antrum, the
proximal electrode in the duodenal bulb, and the distal al
balloon and electrode near the duodeno-jejunal flexure balloon
(Fig. 2).Jeua

Antral and duodenal pressure patterns are different, electrode
and this difference was used throughout the experiments
to locate the position of the balloon in relation to the Duodenal
pylorus. Thus, when the proximal balloon recorded abalo
single rise in pressure three times each minute, it was
inferred that the balloon was in the antrum, but when FIG. 2. The position of the
multiple rises in pressure, with an approximate frequency tube in the stomach and
of 12 times every minute were recorded, it was inferred duodenum.
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that the balloon was in the duodenum; it was then with-
drawn a little.

Satisfactory records were not always obtained continu-
ously because the tube moved out of position (Table 1).

Patient No.

2
3
4
5a
Sb
6
7

TABLE I
Time (hr.) after Meal in which Satisfactory
Records were Obtained

I to 2
0 to If
I to7
0 to 2i
0 to4
0 to9
5 to 7
2i to 7

All subjects were given an ordinary meal of meat and
vegetables. In subject 5 records were obtained after two
meals.

RECORDS OFpH AND PRESSURE ThepH and pressure were
recorded simultaneously on an ultra-violet photographic
recorder (S.E. Labs. Ltd./2000/12 U.V.) and continuous
records obtained for between three and nine hours after
the meal. The pH was recorded with pH meters (Model
23A Electronic Instruments Ltd.), and pressure with 1 ml.
air-filled balloons which were connected to strain gauge
manometers (Statham Transducers Inc. model P.23 Db).
Each balloon was calibrated against a water manometer.
For pressures between 0 and 60 cm. of water, the relation-
ship between pressure and the deflection of the recorder
was linear and the balloon strain gauge system would
respond to changes of pressure at a frequency greater than
one cycle per second.

RADIOLOGICAL OBSERVATIONS Subjects 1 and 2 were
given barium sulphate suspension with their meals and
the onward movement of radio-opaque medium was

Time mins 0 5 10

carefully observed on an image intensifier. A note was
made of the coincidence of the following events: (a) waves
of antral contraction with rises of antral pressure; (b) the
movement of gastric contents into the duodenal bulb with
falls in the duodenal bulb pH; (c) the movement of duo-
denal contents into the jejunum with falls of jejunal pH.

ANALYSIS OF THE pH RECORDS The following observa-
tions were made on the records.
The frequency of rises in antral pressure, and falls of

bulb pH were measured and the relations between them
were examined. Rises in antral pressure of less than 2 cm.
of water and falls in the duodenal bulbpH of less than 0 3
pH units were not included in the analysis.
The frequency of falls in the bulb and jejunal pH were

measured for three hours following the meal in subjects 1,
4, 5, and 6.
The magnitude, as well as the frequency, of changes in

the duodenal bulbpH and antral pressure were measured
in subjects 1, 4, and 5.
The records from normal and ulcer subjects were not

compared.

RESULTS

In each subject, rises in antral pressure occurred
about three times per minute and were usually ac-
companied by falls in the duodenal bulb pH. Rises
in duodenal pressure occurred about once per
minute and were accompanied by a fall in jejunalpH.
A typical record of these events from one subject is
shown in Figure 3.

ASSOCIATION OF CHANGES IN ANTRAL PRESSURE AND
DUODENAL pH The relation between rises in antral
pressure and falls in the duodenal bulb pH for each
patient is given in Table II. The averages of results

15 20

Jejunal
pH ~~~~~~~~~~-0c.m.

~~I jj, i'JIi~~~~~~~~~~ j~ Duodenal
~~ iL1Lt~~~1 gJ~~ ~ ~ ':'O pressure

DuodenalVi
pH 3- 9-40 c.m. water

,20antral
_____________________ ~L 0 pressure

FIG. 3. Normal subject; simultaneous records ofantral and duodenalpressure with duodenal bulb andjejunal pH. Rises in
antral pressure are associated with a fall in duodenal pH and rises in duodenal pressure with a fall in jejunal pH.

I a-J - - - - --! - - - - - - - - -L
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TABLE II
FREQUENCY OF RISES IN ANTRAL PRESSURE WITH DUODENAL ACIDIFICATION, RISES IN ANTRAL PRESSURE ALONE, AND

DUODENAL ACIDIFICATION ALONE, IN EACH SUBJECT AFTER THE MEAL

Subject No. Time after Meal (hours)

0-4 i-1 1-1k 1'-2 2-21 21-3 3-4 4-5 5-6 6-7 7-8 8-9

Frequency per hour ofantral pressure waves with duodenal acidification
1 100 154 160
2 102 126 108
3 126 72 80 72 73 97 127 75
4 68 88 80 50 48
5a 108 44 6 100 109 109 87
Sb 156 72 64 52 52 31 60 17 14 15 7
6 75 68
7 80 44 59 61 42

Average 109 86 100 87 79 78 59 72 70 50 15 7

Frequency per hour ofantral pressure waves without duodenal acidification
1 14 32 28
2 46 16 32
3 8 2 8 14 4 9 1 3
4 10 6 4 10 0
Sa 16 6 8 16 10 10 18
Sb 16 6 22 16 16 5 2 5 10 4 5
6 30 2
7 10 7 5 12 9

Average 22 10 18 14 6 13 9 5 12 6 4 5

Frequency per hour ofduodenal acidification alone
1 72 12 12
2 14 38 38
3 52 94 14 14 19 26 31 24
4 10 46 72 30 24
Sa 42 100 46 32 27 27 23
Sb 56 112 26 16 2 12 2 8 2 11 0
6 8 18
7 20 19 22 7 12

Average 31 74 39 35 33 16 18 14 14 14 11 0

antral pressure peaks from all the patients, at different intervals after food
are plotted in Figure 4. Rises in the antral pressure

4 \ antral pressure peakts + duodenal and duodenal acidification usually occurred together
acidification and were most frequent during the first one and a

90 half hours after a meal. Only 5 to 17% of the rises in
antral pressure were unaccompanied by duodenal
acidification. During the first two and a half hours

70 \ after a meal duodenal acidification often occurred in
I,' \ \ the absence of any detectable rise in the antral

pressure (Fig. 5).
50

. * \ The mean falls in the duodenal bulb pH accom-
cr 50 ,' ', \panying different rises in antral pressure are given in'a duodenal acidification Table III. In general it was found that large rises in

alone pressure were associated with large falls in the bulb

30 ' " \ pH. However, the relationship between the twoevents is by no means precise, and wide variations
. 8, \ ~~~~~~~~~occur.

10 -antral ASSOCIATON OF CHANGES IN THE DUODENAL PRESSURE
pressure peaks aIone -*..... *- AND JEJUNAL pH Recordings from the distal balloon

and electrode were also studied. Unlike pressure0 1 rises recorded in the antrum, those in the duodenum

Meal Hours were of a complex nature (Fig. 3). Rises in duodenal
FIG. 4. The frequency of antral pressure peaks and duo- pressure occurred as a series of simple spikes, at a
denal acidification, alone and in combination after food. rate of 12 per minute appearing in groups each last-

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.7.5.515 on 1 O

ctober 1966. D
ow

nloaded from
 

http://gut.bmj.com/


J. Rhodes, P. Goodall, and H. T. Apsimon

Time mins 0 5 10 15 20

*
- - - -

i6unal
pH 6

- 20 cm. watr.LtLk. U 0 Duod.ol
pressureDuodenol 6-

cap 4- I

pHI 20 ntfl
0 pressure

FIG. 5. Normal subject; simultaneous records of antral and duodenal pressure with duodenal bulb and
jejunalpH withfew antral waves and irregular gastric emptying 30 minutes after a meal. Falls in the duodenal
bulb pH often occur without a rise in the antral pressure.

TABLE III
MAGNITUDE OF CHANGES IN pH AND ANTRAL PRESSURE IN

PATIENTS 1, 4, AND 5

Patient No. Rise in Antral Pressure (cm.H,O)

S4
5

>20
A pH' 3 05 (1 1)'

2-46 (33)
1-85 (20)

10-20
pH 3 04 (15)

2-19 (20)
1-8 (20)

<10
pH 1-22 (40)

1-25 (27)
0 95 (20)

I A pH is the mean fall in pH associated with a group of rises in
antral pressure of similar magnitude.

'The number of waves counted is given in brackets.

ing about 30 seconds. These simple spikes occurred
on a rise in the base line pressure and were associated
with a fall in the pH. In addition a few complex
duodenal waves were seen which lasted for several
minutes. These always occurred at least seven hours
after food and followed a sudden large fall in the
duodenal pH; the duodenal contractions then con-
tinued for between four and eight minutes after the
duodenal pH had returned to normal.
The jejunum was acidified less often than the

duodenal bulb. There was a fall in the jejunal pH
every 50 seconds in the first hour after food, but
every 70 to 80 seconds during the following two
hours. There was a fall in the duodenal pH every 20
to 25 seconds. The approximate ratio between duo-
denal bulb and jejunal acidification was 2 to 1 in the
first hour and 3 to 1 later (Fig. 6). Falls in the jejunal
pH were always preceded by a rise in duodenal
pressure.

RADIOLOGICAL OBSERVATIONS ON GASTRIC EMPTYING

It was found during screening that propulsive con-
tractions which moved across the gastric antrum
were associated with a rise in the antral pressure.
Gastric contents could sometimes be seen to move
onwards into the duodenal bulb as the antral con-

traction approached the pylorus. This was associated
with a fall in the duodenal pH. Many of the smaller
rises in the antral pressure were not associated with
visible movement of gastric contents into the bulb,
but were associated with duodenal acidification,
indicating the onward passage of gastric contents,
which could not be detected radiologically. Rises in
the duodenal pressure and jejunal acidification were
associated with the passage of a bolus around the
duodenal loop.
The sequence of events during gastric emptying

was that propulsive contractions arose near the
incisura angularis and progressed smoothly towards
the pylorus. Several antral waves caused the duoden-
al bulb to fill. The bulb then contracted and its
contents were propelled around the duodenal loop.
Multiple contractions were then seen in the second
part of the duodenum and were associated with the
reflux of contents from the second part of the duo-
denum into the duodenal bulb.
The pH changes in the duodenal bulb, the third

part of the duodenum and jejunum, associated with
this sequence can be seen in Figure 6. After the bulb
has emptied, as shown by the fall in the pH of the
third part of the duodenum, there is an immediate
rise in thepH of the contents of the bulb. This rise of
pH was associated with the visible reflux of contents
from the duodenal loop into the bulb. A more
gradual rise ofpH then occurs between the successive
falls; at these times the bulb filled.

DISCUSSION

Simultaneous measurement of the antral pressure
and the duodenal bulb pH has made it possible to
examine the association between them. The cause of
fluctuations in the duodenal bulb pH has been
studied by Besancon, Cherigie, Hdbert, and Debray
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Jejunum '
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FIG. 6. Duodenal ulcer patient:
simultaneous records ofpressure
in the antrum with pH in the
duodenal bulb, third part of the
duodenum andjejunum. There is a
fall in the duodenal bulb pH
about three times each minute and
in the jejunal pH about once each
minute.

(1961). They used cineradiography while recording
the duodenal bulb pH, and found that the fluctua-
tions were associated with passage of food through
the pylorus and with reflux from the second part of
the duodenum. These observations could only be
made for short periods, whereas with an intestinal
glass electrode one can record changes of duodenal
pH due to gastric emptying for long periods.
We have found that rises in the antral pressure are

usually associated with a fall in the duodenal bulb
pH. Rises in the antral pressure which occur about
three times each minute have previously been classi-
fied according to their size. Type I waves, which are
smaller than 10 cm. of water, have been named
'mixing' waves, while those greater than 10 cm. of
water (type 11) were thought to be propulsive and to
cause gastric emptying (Code, Hightower, and
Morlock, 1952). Most observations relating antral
pressure to gastric emptying in man have relied on
x-ray fluoroscopy. Our observations show that the
passage of small quantities of gastric contents cannot
always be detected by this method. With an intestinal
glass electrode, however, it has been shown that even
small increases in antral pressure may cause gastric
emptying. Moreover, our findings indicate that
gastric emptying can occur in the absence of a
recordable rise in the antral pressure, either because
some antral contractions do not give a recordable
change in pressure (Connell and Rowlands, 1960), or
because a distended stomach will empty without
antral propulsive waves.
Most duodenal pressure waves consist of a series

of simple waves superimposed on a rise in the base
line pressure (Fig. 3). These have been classified as
type III waves (Templeton and Lawson, 1931; Code

20 antrol
pressure

0 cm.water

et al., 1952): they are primarily propulsive in
character and associated with jejunal acidification.
During the fasting state a few prolonged type III
waves occurred. These were not associated with the
propulsion of acid duodenal contents and their
significance is not fully understood. Duodenal con-
tractions appear to be initiated by gastric contents
entering the duodenum; the stimulus to contraction
of the bulb may be distension, acidification of its
contents, or both. Brink, Schlegel, and Code (1965)
have shown in dogs that instillation of acid into the
duodenum stimulates duodenal contractions. Our
studies have shown that the same occurs in man and
that the pressure pattern produced by acid differs
from that produced by a similar volume of normal
saline or by an inert bolus.
The reflux of contents from the second part of the

duodenum into the bulbwas accompanied byneutral-
ization of the contents of the bulb. This reflux must
be associated with a difference in pressure at the two
sites, which develops after the bulb has contracted.
Reflux of contents from the second part of the
duodenum into the bulb is often seen during a
barium meal examination. The same phenomenon
is also seen after contrast has been injected through a
T tube into the common bile duct; when the opaque
medium enters the duodenum it is often carried into
the bulb before being propelled around the duoden-
um.
With two balloons and two electrodes it was

possible to examine the sequence of events during
gastroduodenal emptying. Two or three antral con-
tractions filled the duodenal bulb which then con-
tracted and propelled its contents around the
duodenum (Fig. 6).
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SUMMARY

The relationship between fluctuations in duodenal
pH and intraluminal pressure in the stomach and
duodenum was investigated. Falls in the duodenal
bulb pH were usually accompanied by a rise in the
antral pressure, but during the first two and a half
hours after a meal there was often a fall in pH with-
out a rise in the antral pressure. During stomach
emptying, after several antral contractions the
duodenal bulb was filled and then contracted,
propelling its contents around the duodenum. Reflux
of alkaline contents from the second part of the
duodenum into the bulb was partly responsible for
the fluctuations in pH.
We are grateful to Professor H. Scarborough, Dr. A. H.
James, and Professor A. P. M. Forrest for their help, and
to Mr. R. Marshall for preparing the illustrations. The

work was carried out while J. Rhodes was the Cardiff
Royal Infirmary Research Fellow in Medicine.
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