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(From the Division of Biochemistry, The Mayo Foundation and the Division of Medicine,

The Mayo Clinic, Rochester, Minn.)

(Received for publication October 28, 1940)

The experimental surgeon, working on animals,
has contributed materially to our fund of. informa-
tion concerning the formation of peptic ulcer. He
has shown that the withdrawal of alkaline duo-
denal secretion from the particular portion of the
intestinal tract into which the stomach empties,
and exposure of the intestinal mucosa to acid
gastric chyme for abnormally long periods, lead
to the formation of ulcer in a high percentage of
experiments regardless of the surgical procedure
employed (1 to 7). It has been concluded from
these experiments that the hydrochloric acid
poured from the stomach into the duodenum
traumatizes the duodenal mucosa by chemical and
mechanical action in such a way as to produce the
ulcer, even though the existence of the conditions
experimentally induced in animals has not been
demonstrated in patients with duodenal ulcer.

In reality, the pathologic physiology underlying
formation of duodenal ulcer has not been studied
to any great extent in man. Only one fact has
been clearly demonstrated, namely, that the aver-
age gastric acidity of patients with duodenal ul-
cers is greater than that of normal persons (8, 9).
It has not been shown that the entrance of more
than average amounts of acid from the stomach
into the duodenum in patients with duodenal ulcer
creates an abnormally acid condition in the
duodenum.

Some effort has been made to determine the
hydrogen ion concentration of the duodenal con-
tents of normal persons but the information
gained has been fragmentary (10 to 16). De-
termination of hydrogen ion values usually has
been on single specimens obtained by duodenal
intubation at long intervals or on block samples

1Abridgment of thesis submitted by Dr. Kearney to
the Faculty of The Graduate School of The University
of Minnesota in partial fulfillment of the requirements
for the degree of M.S. in Surgery.

collected over varying periods. In none of these
observations has the behavior of values for pH
been studied in relation to gastric acidity. Even
less is known about the hydrogen ion concentra-
tion of the duodenal contents of patients with
duodenal ulcer. Morton's work is the first and
only attempt to study this problem so far as we
can find (17). He reported that free acid was
present in the duodenal contents of patients with
peptic ulcer, whereas free hydrochloric acid was
not recovered from the duodenal contents of per-
sons without ulcer. His determinations were
made one hour after an Ewald test meal and on
single specimens obtained with the duodenal tube.
These data obviously give an incomplete picture
of the changes in hydrogen ion concentration of
normal persons and of patients with duodenal
ulcer.

In this investigation we propose to study the
hydrogen ion concentration of the duodenal con-
tents of normal persons with varying degrees of
gastric acidity in order to obtain a norm, and of
patients with duodenal ulcer in the hope of finding
some variation from the normal behavior of the
hydrogen ion concentration of the duodenal con-
tents which might have some bearing on the cau-
sation of ulcer.

MATERIAL

A total of thirty-four successful series of observations
was performed on seven normal subjects, and twenty suc-
cessful series of observations on thirteen patients with
duodenal ulcer. The duration of the observations on
normal subjects totaled eighty-seven hours and on pa-
tients with duodenal ulcer fifty-one hours.

METHODS

The duodenal tube was introduced into the duodenum
after a fast of twelve hours. That the tip of the tube
was located in the second portion of the duodenum was
confirmed by roentgenologic examination. The duodenal
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contents were withdrawn continuously, a negative pres-
sure of 14 inches (36 cm.) of water being used. A flow
of duodenal contents sufficient for determination of the
values for hydrogen ion concentration was obtained at
all times with the exception of a few short intervals
during a total of more than 130 hours of continuous
aspiration. In the early observations the pH value was
determined on block samples at five- to ten-minute in-
tervals by means of a platinum quinhydrone electrode
with a Leeds-Northrup potentiometer. In a majority of
the determinations, however, a Cameron glass bulb elec-
trode was used; in these observations the contents from
the duodenum were drawn through a small chamber into
which the glass bulb electrode projected and at two-
minute intervals the flow was interrupted for a few sec-
onds sufficient to make the determination.

Possible errors in data arising from technic

The constant removal of duodenal contents shortens
the time during which the hydrochloric acid normally re-
mains in the duodenal cavity. This may diminish the
response of the hormonal mechanism that stimulates the
flow of bile and pancreatic juice or that which depresses
the secretion of acid by the stomach. The pH values
obtained may not, therefore, be the pH values in the
undisturbed fasting duodenal contents. However, any
error arising from the technic will affect in a similar
manner values obtained from normal persons and from
patients with duodenal ulcer and should not affect the
validity of data for comparison of the behavior of values
in the two groups of patients.

Data from normal persons

The gastric contents of normal Subject 1 did
not contain free hydrochloric acid after stimula-
tion either with the water carbohydrate meal or
with histamine (Table I). During two series of
observations lasting a total of nearly three hours,
pH values varied from 6.7 to 7.7.

The gastric contents of normal Subject 2 ob-
tained under fasting conditions or after stimula-
tion with the water carbohydrate meal did not con-
tain free hydrochloric acid, but after stimulation
with histamine in doses of 0.1 mgm. per 10 kgm.
of body weight the free hydrochloric acid attained
a value of 26 clinical units and the 129 cc. of
gastric contents recovered during the sixty min-
utes following stimulation contained 25 cc. of
tenth normal hydrochloric acid (Table I). In
spite of the fact that the stomach of this subject
was able to secrete acid in small quantities after
stimulation with histamine, the pH values fluctu-
ated from 6.0 to 7.5 and did not fall below 6 dur-
ing the entire period of the observations (three
hours), thus remaining in practically the same
range as did the values obtained from normal
Subject 1 with true anacidity.

The gastric secretory activities in normal Sub-

TABLE I

The gastric secretory activity and the percentage of total duration of observations during which various pH values of duodena
contents were obtained in sen normal subjects

Modified Stimulation Percentages of total duration of observations during which various
Ewald with pH values of duodenal contents were obtainedmeal* histaminet Numfl- Ttl__ ____ __ __ _

Num- Total

Subject ~~~~~~~~High-seistionSubject ~~~Total eat ofne in
Total Free Vol cc. con-Ofs m-in 1.1 2.1 3.1 4 4.1 5.1 6 6.1 7.1
acid- acid- - tenth cen- vations utes to to to and to to and to to

ity ity ume normal tration 2 3 4 below 5 6 below 7 7.9
HCI free

HCI

cc.
1 6 0 0 0 2 168 0 0 0 0 0 0 0 29.7 70.3
2 6 0 129 25 26 1 182 0 0 0 0 0 0 0 85.8 14.2
3 54 48 86 99 112 9 1568 0 0 2.7 2.7 6.6 48.4 57.7 38.0 4.3
4 50 38 140 96 94 3 383 0 4.2 7.8 12.0 7.3 32.9 52.2 37.4 10.4
5 68 56 164 95 70 9 1448 5.2 7.6 8.3 21.1 11.6 45.2 77.9 22.0 0.1
6 70 50 160 123 86 4 709 0 7.8 14.7 22.5 17.1 19.4 59.0 32.5 8.5
7 96 80 195 196 120 6 751 7.5 11.3 14.0 32.8 13.3 15.2 61.3 34.0 4.7

Averd e 2 6 9 1 1.3, 4, al-
6 and 7 ll 34t 5209 1 2.54 6.18 9.50 118.22 11.18| 32.22 61.62 32.78 5.60

* Values in clinical units one hour after ingestion of meal.
t Values obtained in the one-hour period after stimulation.

t Totals for all seven subjects.
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jects 3, 4, 5 and 6 were similar to one another and
moderate (Table I). The behavior of the pH
values of the duodenal contents in these subjects
is illustrated in Figure 1. The roentgenograms
showed the tip of the tube to be in the second por-
tion of the duodenum; the glass bulb electrode
was used. During the first eight minutes a
slightly doudy amber fluid with pH values vary-
ing between 6.7 and 4.5 was obtained. The con-
tents then changed in gross appearance, becoming
very cloudy and containing much gastric secretion.
The pH values dropped below 3 within ten min-
utes; then the gross appearance of the duodenal
contents again changed, becoming amber, and the
pH values rose to 5.5, a level at which they re-
mained for the next sixty minutes. The material
then grossly appeared to be a mixture of bile and
gastric contents and the pH values- dropped to
about 3 or below for ten minutes; then a flow of
clear amber fluid occurred and the pH values rose
to 6.5 and remained at about this level until the
end of the observation was reached.

The flow of acid gastric material from the duo-
denal tube was followed promptly by a flow of
amber colored fluid in this and other observations
on these subjects. This means that the entrance
of acid gastric material into the duodenum
promptly evoked a secretion of bile and pancreatic
juice. The frequency and duration of the periods
during which acid gastric material was obtained
from the duodenum varied considerably. How-
ever, the excursions of pH values below 4 never
lasted more than twenty minutes and 78 per cent
of the excursions lasted ten minutes or less. The

tendency for the values to be maintained in the
upper less acid levels is definite. The percentage
of duration of each observation on each subject
during which the pH values were below 4 was
greater than 25 in only one observation (reaching
37 per cent). Moreover, the values remained
above 6, 42.3, 47.8, 22.1 and 41 per cent of the
time and fell below 4 only 2.7, 12.0, 21.1 and 22.5
per cent of the total time during which values
were determined, respectively, in Cases 3, 4, 5 and
6 (Table I). In this connection it is interesting
that the pH values fell below 2 in Case 5 only
and then only for 5.2 per cent of the total time
during which values were determined in this case.

It appears that the stomachs of these normal
persons (Cases 3, 4, 5 and 6) were emptying acid
into the duodenum only a little more than half
the time. If free hydrochloric acid was entering
the duodenum a greater part of the time than the
figures in Table I indicate, the duodenal contents
were present in such quantities and of such alka-
linity that the quantity of free acid entering the
duodenum could depress the pH values below 6
only a little more than half of the time. It also
appears that the response of outflow of bile and
pancreatic juice to the entrance of highly acid
gastric contents into the duodenum was prompt
and in quantities sufficient to prevent the exist-
ence of free hydrochloric acid (pH value below
4) in the lumen of the duodenum for long periods.
Such behavior may be considered normal for
healthy persons whose stomachs are capable of
secreting the more moderate amounts of acid.

The free hydrochloric acid was obtained from

Two-minute intervals
FIG. 1. THE TYPIcAL BEHAVIOR OF VALUES FOR THE HYDROGENION CONCENTRATIONOF THE

DUODENALCONTENTSOF NORMALPERSONSWITH AVERAGEGASTRIC SECRETORYACTIVITY
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the stomach of normal Subject 7 in quantities well
above the average for normal persons (Table I).
Seventy per cent of the excursions of the pH
values of the duodenal contents below 4 lasted ten
minutes or less, a figure that is not very different
from that (78) obtained in Cases 3, 4, 5 and 6.
However, the excursions of pH values below 4
lasted longer than twenty minutes in three in-
stances (twenty-five, thirty and thirty-two min-
utes). The percentage of duration of each ob-
servation during which the pH values were below
4 varied more widely in Subject 7 than in Sub-
jects 3, 4, 5 and 6, the percentage being greater
than 25 in three of six observations, whereas it
was above 25 in only one of twenty-four observa-
tions in Subjects 3, 4, 5 and 6. The percentages
of duration of observations 3 and 6, Subject 7,
during which the pH values were below 4, were
50 and 51, respectively. Such percentages are
seen in some subjects with duodenal ulcer but are
far below those seen in most cases with this dis-
ease. The pH values were below 4 in a slightly
greater percentage of the duration of all observa-
tions on Subject 7 (32.8 per cent) than in Cases
3, 4, 5 and 6 (2.7 to 22.5 per cent, Table I).

In other words, a greater secretion of acid by
the stomach of normal Subject 7 than by the
stomachs of normal Subjects 3, 4, 5 and 6 caused
the duodenal contents of Subject 7 to be slightly
more acid than those from normal Subjects 3, 4,
5 and 6. In spite of these differences, the pH
values remained above 6 about the same percent-
age of time in Subject 7, as noted in the observa-
tions of Subjects 3, 4, 5 and 6, and the behavior
of the pH values seen in Subject 7 was not far
different from that encountered in normal Sub-
jects 3, 4, 5 and 6. For the most part, the neu-
tralizing and diluting mechanism in the duodenum
of Subject 7 was almost as competent to take care
of the larger amounts of acid pouring into the
duodenum as was that of Subjects 3, 4, 5 and 6
to take care of the smaller amounts of acid enter-
ing their duodenums.

A constant, direct relationship cannot be demon-
strated in these seven normal subjects between
the gastric secretory activity and the behavior for
pH values of the duodenal contents. It is obvi-
ous, however, that the behavior of the pH values
of the duodenal contents is distinctly different in
the case with low gastric secretory activity (Case

2) from the behavior of the pH values of the
duodenal contents in the cases with about average
gastric secretory activity (Cases 3, 4, 5 and 6).
Moreover, the behavior of pH values of the
duodenal contents is at least slightly different in
the cases with average gastric acidity from that in
the case with high gastric acidity (Case 7). The
amount of acid gastric juice entering the duo-
denum seemingly does influence the behavior of
the pH values in normal subjects.

Data from patients with duodenal ulcer
The behavior of the pH of the duodenal con-

tents in Subject 8 with duodenal ulcer (Table II)
resembles the behavior seen in the normal person
with anacidity (Case 1, Table I) or that seen in
the normal person with very low gastric acidity
(Case 2, Table I). The gastric contents of Sub-
ject 8 contained 44 units of free acid after the
modified Ewald meal but did not contain any free
acid in the fasting state. This may have some
bearing on the occurrence of the high pH values
(above 6.5) in the three hours during which de-
terminations were carried out and on the apparent
failure of acid to enter the duodenum during this
period.

The behavior of the pH values in Subject 9
with duodenal ulcer is similar to that seen in the
normal individual with average gastric secretory
activity in spite of the ability of the stomach of
this patient to secrete acid in amounts greater than
average. The diluting and neutralizing mecha-
nism of the duodenum appears capable of caring
for any excess secretion of acid that may have
occurred in this series of observations.

In the first series of observations on Subject
10 with duodenal ulcer, the pH values were below
2, 81 per cent of the time, whereas in the second
series of observations on the same subject the
values were above 6, 100 per cent of the time.
Such marked variability in the pH values was un-
usual; in other cases in which two series of ob-
servations were made the distributions of pH
values were similar.

The behavior of the pH values in subjects with
duodenal ulcer (Subjects 11 to 20, inclusive) was
remarkably consistent and similar. The behavior
is illustrated in the observations on Subject 16
with duodenal ulcer (Figure 2). The duodenal
contents at the start obviously contained much
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TABLE II

The gastric secretory activity and the percentage of total duration of obsrvations during which various pHvalues of duodenal
contents were obtained in thirteen patients with duodenal uker

Modified Stimulation Percentages of total duration of observations during which various pH values

meal* hiNtumiTta of duodenal contents were obtained
ber of dura-

Sub- High- series tion
ject Total est Of in

Total Free Vol cc. con- obser- min- 1.1 2 Be- 3.0 Be- 4.0 Be- 5.0 Be- 6.0 Be- 7.0 Be-
acid- acid- tenth cen- vations utes to to low to low to low to low to low to low

ity ity ume nor- tration 1.9 2.9 3 3.9 4 4.9 5 5.9 6 6.9 7 7.9 8
Mal free
HCI HCI

cc.
8 52 44 90 S8 82 1 180 0 0 0 0 0 0 0 0 0 7.8 7.8 92.2 100.0
9 74 64 285 199 84 1 100 0 16.0 16.0 14.0 30.0 26.0 56.0 14.0 70.0 30.0 100.0 0 100.0

10 56 44 2 245 36.7 2.0 38.7 0 38.7 0 38.7 4.1 42.8 57.2 100.0 0 100.0
11 44 36 220 185 100 2 328 24.4 20.1 44.5 6.1 50.6 11.0 61.6 23.2 84.8 15.2 100.0 0 100.0
12 68 56 125 80 80 2 360 7.2 25.5 32.7 18.3 S.0 10.6 61.6 21.7 83.3 13.9 97.2 2.8 100.0
13 60 44 167 103 100 1 182 24.2 3.3 27.5 25.3 52.8 6.6 59.4 37.3 96.7 3.3 100.0 0 100.0
14 80 56 270 160 70 2 362 39.3 17.1 56.4 10.5 66.9 9.4 76.3 9.9 86.2 13.8 100.0 0 100.0
15 90 84 130 101 96 2 240 21.7 40.8 62.5 10.8 73.3 9.2 82.5 16.7 99.2 0.8 100.0 0 100.0
16 74 64 1OS 99 104 1 180 57.8 14.4 72.2 2.2 74.4 6.7 81.1 7.8 88.9 10.0 98.9 1.1 100.0
17 78 68 1 180 76.7 10.0 86.7 3.3 90.0 7.8 97.8 2.2 100.0 0 100.0 0 100.0
18 68 58 190 162 106 1 165 54.5 36.4 90.9 0 90.9 0 90.9 0 90.9 6.1 97.0 3.0 100.0
19 58 50 430 304 110 2 240 93.8 0 93.8 0 93.8 0 93.8 0 93.8 6.2 100.0 0 100.0
20 74 68 2 316 74.8 17.7 92.5 5.7 98.2 0.6 98.8 0.6 99.4 0.6 100.0 0 100.0

Averages 9, 11, 12, 13, 14, 15, 16, 17,
18, 19 and 20 20t 3078t 43.12 18.30 61.42 8.75 70.17 7.99 78.16 12.13 90.29 9.08 9937 0.63 100.0

* Values in clinical units one hour after ingestion of mea
t Values obtained in the one-hour period after stimulati

gastric secretion and little duodenal secretion.
The gross appearance did not change for thirty-
four minutes and during that time the pH values
fluctuated between 1.30 and 2.20. The contents
then intermittently contained more duodenal se-
cretion and the pH values fluctuated wildly be-

-tween 2.0 and 7.1 for fifty-six minutes, the pH
values at the upper levels not lasting for longer
than eight minutes at any one time. During the
remainder of the observations the contents recov-
ered appeared to be largely gastric juice and the
pH values remained between 1.10 and 1.5 all the

$ Totals for all thirteen subjects.

time, with the exception of one period when the
values rose to 6.25 for six minutes.

In this, as well as in other observations on pa-
tients with duodenal ulcer, the flow of acid gastric
material from the tube was not always followed
by a fairly prompt flow of amber colored fluid
such as was usual in normal persons. In fact, the
acid gastric juice was at times recovered almost
unmixed with duodenal juice for fairly long pe-
riods. This means that the entrance of acid gas-
tric material into the duodenum did not evoke the
usual prompt secretory response on the part of

Two-minute intervals
FIG. 2. THE TYPIcAL BEHAvioR OF VALUES FOR THE HYDROGENION CONCENTRAIONOF THE

DuoYJNAL CONTENTSOF PATIENTS WITH DUODENALULcER
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the liver and pancreas that it did in normal indi-
viduals. The frequency and duration of the pe-
riods during which acid gastric juice was flowing
from the duodenal tube varied considerably, just
as in normal persons. However, the excursions
to a pH value below 4 lasted longer than in normal
subjects. Of the excursions below a pH value
of 4, 53.4, 66.2 and 33.8 per cent lasted ten min-
utes or less, twenty minutes or less and twenty-
one minutes or more, respectively. Excursions
lasting twenty to thirty minutes occurred nine
times, thirty to forty minutes four times, forty
to fifty minutes five times, fifty to sixty minutes
five times, seventy to eighty minutes twice, eighty
to ninety minutes twice, 130 to 140 minutes once
and 170 to 180 minutes once.

In some of the series of observations the dura-
tion of the periods when pH values were above 4
was so short that one might more properly speak
of excursions above 4 than of excursions below 4.
There was also a distinct tendency for the pH
values to remain in the highly acid side of the
range: thus, the pH values fell below 6, 70, 80
and 90 per cent of the time, respectively, in eleven,
ten and six of the thirteen cases; below 4 for 50,
60 and 90 per cent of the time, respectively, in
ten, seven and four of the thirteen cases studied.

A pH value as low as that seen for the acid
gastric contents occurred in all but two subjects
and for as much as 93.8 per cent of the time. A
pH value below 4 occurred in all but Subject 8;
the percentage of the duration of the observations
during which pH values below 4 occurred varied
from 30 to 98.

It appears that in a majority of cases of duo-
denal ulcer the fasting stomach pours acid into
the duodenum during a high percentage of time,
and that the outpouring of bile and pancreatic
juice may be, but usually is not, in sufficient quan-
tities to raise the pH values above 6. It also ap-
pears that the secretory response to the entrance
of acid may be delayed so that there is little ob-
vious effort on the part of the liver and pancreas
to dilute and neutralize the acid for long periods.
The duodenal contents remained highly acid a
great part of the time.

The widely recognized variability of the re-
sponse of the gastric secretory mechanisms to
stimulation either with the carbohydrate water

meal or histamine may explain why no paral-
lelism can be satisfactorily demonstrated in pa-
tients with duodenal ulcer between the degrees of
secretory activity of the stomach and the behavior
of pH values of the duodenal contents (Table II).
Another possible explanation exists, namely, that
the capacity for the neutralization of acid by the
duodenum varies just as does the amount of acid
entering the duodenum. Probably both variables
influence the levels of hydrogen ion concentration.

SUMMARYAND CONCLUSIONS

The pH values of the duodenal contents re-
moved through duodenal tube by continuous as-
piration under negative pressure have been deter-
mined under fasting conditions in normal persons
and in patients with duodenal ulcer. The pH
values obtained in the fluid removed by tube may
not be identical with those of the undisturbed
contents because of the continuous removal of the
duodenal contents and the shortened period of ac-
tion of the acid gastric contents on the hormonal
mechanisms, but the values may be used for com-
parative purposes since the same errors would ex-
ist in the data obtained from both normal persons
and patients with duodenal ulcer.

It may be said that a rough parallelism exists
between the degree of gastric secretory activity
and the pH value of the duodenal contents of nor-
mal persons: the greater the secretory activity, the
lower are the pH values. The same parallelism
cannot be satisfactorily demonstrated in subjects
with duodenal ulcer, a fact which suggests that
there is a variability in the capacity of the duo-
denum of patients with duodenal ulcer to neutral-
ize acid entering the duodenum.

The flow of a mixture of amber fluid and acid
gastric contents from the tube usually is followed
within a few minutes by an increased flow of am-
ber fluid in normal persons, whereas this response
is often delayed for varying lengths of time in
patients with duodenal ulcer. This suggests that
some disturbance of hormonal or chemical mecha-
nism controlling the response of liver and pan-
creas to the entrance of acid gastric juice into the
duodenum exists in some patients with duodenal
ulcer.

The behavior of pH values in patients with
duodenal ulcer contrasts with that seen in normal
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persons. The pH values fell below 6, 4 and 2,
respectively, 62, 18 and 3 per cent of the total
duration of combined observations on normal per-
sons whose gastric contents contained free hydro-
chloric acid and below 6, 4 and 2, respectively, 90,
70 and 43 per cent of the duration of combined
observations on patients having ulcer in which
there was evidence of entrance of acid gastric se-
cretion into the duodenum. The percentage of
time during which the pH values were below 4
(the point at which free hydrochloric acid becomes
titrable) was four times and below 2 (values com-
monly seen in the acid gastric contents) twenty
times as great in patients with duodenal ulcer as
in normal individuals. Of the excursions of pH
values below 4, 78, 100 and 0 per cent lasted ten
minutes or less, twenty minutes or less, and
twenty-one minutes or more, respectively, in nor-
mal persons with average gastric secretory ac-
tivity, whereas 53, 66 and 34 per cent of the ex-
cursions of pH values below 4 lasted, respectively,
the same length of time in patients with duodenal
ulcer.

In short, the pH values were lower on the
average, reached lower levels, and remained there
for a longer period in patients with duodenal ulcer
than in normal persons. The duodenal mucosa of
patients with duodenal ulcer was bathed in a
more highly acid fluid for longer periods than in
normal persons.

The more highly acid conditions of the duodenal
contents in patients with duodenal ulcer appear
to be due (1) to larger quantities of acid gastric
juice entering the duodenum; (2) to a relative, if
not an absolute deficiency of neutralizing and di-
luting fluid, and (3) to a disturbance of neutraliz-
ing and diluting mechanism indicated by delayed
appearance of amber colored duodenal contents
following the entrance of acid gastric contents
into the duodenum.
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