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A B S T R A C T New methods are described by which
the buffer content and the rate and pattern of net gastric
acid secretion in human subjects fed normal meals can
be measured by use of sodium bicarbonate infusion to
control intragastric pH. With these techniques, it was
shown that the rate of acid secretion in response to a
steak meal in seven duodenal ulcer patients was twice the
rate achieved in six control subjects and that the amount
of acid secreted after eating exceeded the peak histamine
response in the ulcer patients but not in the controls.
Meal-stimulated acid secretion, expressed as a function
of the peak histamine response, was roughly correlated
with the serum gastrin concentration (r= 0.45), but it
was concluded that other factors must also contribute to
the higher than normal secretory responses to a meal
found in duodenal ulcer patients. Measurement of buffer
content of the stomach revealed that the duodenal ulcer
patients emptied the meal buffer at a much more rapid
rate than the normal subjects. By 2 h after eating, the
ulcer subjects had less than half as much buffer in their
stomachs as the controls. The combination of acid hy-
persecretion and rapid buffer emptying leads to abnor-
mally high gastric acidity after a meal in duodenal ulcer
patients. These results suggest that, in addition to a
large parietal cell mass, parietal cell responsiveness to a
meal and the rate of buffer emptying may be important
in the pathogenesis of duodenal ulcer.

INTRODUCTION

Previous measurements of gastric acid secretion during
and after the ingestion of normal food have been made
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almost exclusively in animals with fundic pouches. The
only method applicable to man involves measurement of
the base excess in arterial blood, is valid only during
the 1 st h after eating, and has not been widely used
(1, 2). One purpose of the present paper is to describe
a new method for measuring the rate and pattern of acid
secretion after eating a normal meal. The method involves
manipulation of gastric pH and is therefore not entirely
physiological; however, the control of gastric pH in-
herent in this method is a significant advantage in inter-
preting the results. A second purpose of the present paper
is to describe a new method for determining the buffer
content of the stomach at intervals after eating. This
measurement is of interest for two reasons: first, the
buffer remaining in the stomach is one major factor,
along with the rate of acid secretion, that determines
gastric acidity; and, second, the amount of buffer in the
stomach can be used to estimate the rate of gastric
emptying. The method we have used to measure buffer
content involves rapid in vivo gastric titration with so-
dium bicarbonate.

These methods have been applied to a group of normal
subjects and to a group of patients with duodenal ulcer,
and the results are correlated with the peak secretory re-
sponse to histamine and with serum gastrin levels.

METHODS

Subjects
The study group was composed of six normal subjects,

laboratory workers and medical students, with a mean age
of 34 yr (range: 23-55) and seven patients with well-
established chronic duodenal ulcer disease with a mean age
of 38 yr (range: 20-58). The ulcer patients were being
treated with noncalcium antacids but had not received anti-
cholinergic drugs. None of the ulcer patients had had prior
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gastric operation or a recent complication and none had
clinical or radiographic evidence of impaired gastric empty-
ing. Five of the six normal subjects and six of the seven
ulcer patients were men.

The standard meal
The meal consisted of 5 ounces of ground sirloin steak,

cooked and seasoned with salt and pepper, two pieces of
toast with one teaspoon of butter, and 360 ml water. The
subjects were instructed to chew the food thoroughly, and
to drink sips of the water after every few bites of solid
food. The time required to finish the meal was 20-30 min.

This meal contained 39 g protein, 30 g carbohydrate, 30 g
fat, and 546 kcal (estimated from standard dietary tables).
The total volume of the meal was approximately 500 ml,
and when homogenized, the pH was 5.5 (range 5.40-5.64).

Since the same meal was fed to each subject, the amount
of food ingested per pound of body weight varied from
subject to subject. However, the weight of the control
subjects was on an average equal to that of the ulcer pa-
tients at 159 lb each (range control subjects: 105-199,
range ulcer patients: 140-187 lb).

Measurement of pH
pH was measured with a Sargent pH meter (Sargent-

Welch Co., Chicago, Ill.), using standards of pH 1.07, 2.1,
4.0, and 7.0.

Acid secretion rate after food
Principle. The average pH of the meal, upon homogeni-

zation, was 5.5. Before eating, the gastric pH was raised
to 5.5 by infusion of 0.3 N sodium bicarbonate. During the
time the subject was eating and for the subsequent 4 h, 0.3
N sodium bicarbonate was infused at the rate required to
maintain gastric luminal pH at 5.5. The number of milli-
equivalents of sodium bicarbonate required per hour to keep
the pH at 5.5 is equal to the rate of net acid secretion (ex-
pressed as milliequivalents HCl per hour).

Procedure. After a 10 h fast, subj ects were intubated
with a 16 Fr Levin tube, to which was attached a small
polyvinyl tube (ID 1 mm). The Levin tube was used for
sampling gastric contents, and the polyvinyl tube was uti-
lized for infusing sodium bicarbonate. The opening of the
polyvinyl tube was 10 cm proximal to the most proximal
opening of the Levin tube. The tubes were positioned under
fluoroscopic control so that the Levin tube openings were
in the antrum and lower body of the stomach, and the
opening of the polyvinyl tube was in the upper part of the
body of the stomach.

After the tubes were in place, a 2-3 ml sample of residual
gastric content was removed, its pH measured, and then it
was returned to the stomach through the Levin tube. If the
pH was below 5.5, sodium bicarbonate infusion was begun.
The gastric contents were sampled repeatedly (average fre-
quency of sampling before eating was 43.3+4.6 times/h),
the pH read quickly, and the samples then returned to
the stomach.

After the rate of bicarbonate infusion had been adjusted
to achieve a stable gastric pH of 5.5, the subject began to
eat the meal. Frequent sampling was continued during and
after the meal was eaten, and the rate of bicarbonate in-
fusion was further adjusted every few minutes as necessary
to maintain gastric pH at 5.5. After the meal was com-
pleted, the subject rested in the recumbent position and the

gastric content was sampled at an average rate of 19.8±1.0
times/h, or about once every 3 min. In all cases, the pH of
the sample was quickly determined, and then the sample was
returned to the stomach.

In order to facilitate mixing of the stomach contents, the
subj ect was shaken manually for about 5 s before the
collection of each sample. The manner of shaking was simi-
lar to that used for obtaining gastric specimens for cyto-
logic examinations. In addition, the subject frequently
changed positions from side to side and from back to front.
A final method used to enhance mixing consisted of aspira-
tion of 50-70 ml of gastric fluid into the bulb syringe, mix-
ing thoroughly by agitation, taking 2-3 ml for pH deter-
mination, and returning the remainder of the sample to
the stomach. All three mixing aids were used in each
subject.
The 0.3 N sodium bicarbonate was infused by a Holter

pump. By changing the dial settings on this pump, the rate
of infusion could be varied from 0.5 to 180 meq of bicarbo-
nate/h, and the pump dial was used to estimate roughly the
rate of bicarbonate infusion at any given instant.
The cumulative volume of bicarbonate solution infused

was recorded approximately every 3 min (each time a
sample was removed from the stomach) by noting the
residual volume in the volumetric cylinder which served as
a reservoir for the sodium bicarbonate infusion. The exact
normality of the sodium bicarbonate solution was determined
after each test by titration with an acid standard, and
the results of each experiment were then calculated in terms
of milliequivalents of bicarbonate infused hourly and cumu-
latively for 4 h.

Buffer capacity
Principle. After ingestion of the standard meal, the pH

of gastric contents was allowed to fall spontaneously (due
to acid secretion) or made to fall (by 0.1 N hydrochloric
acid infusion) to below 2.5. 2 h after eating, 0.3 N sodium
bicarbonate was infused rapidly, and the pH of the gastric
content was monitored at frequent intervals until the pH
was 6.0. The buffer content of the stomach was estimated
from the titration curve.

Procedure. The subjects were intubated with the same
tube and in the same manner as described in the previous
section, except that intubation was carried out 30 min after
the meal was eaten rather than before the meal. Gastric
contents were mixed and sampled as described above. If
necessary, 0.1 N hydrochloric acid infusion was begun 60
min after the meal and continued for the next hour in
order to lower intragastric pH. In all instances the aim was
to have gastric pH below 2.5 by the time that gastric buffer
content was to be measured at 2 h. At that time the stomach
content was rapidly alkalinized by infusion of 0.3 N sodium
bicarbonate. Well-mixed gastric samples were obtained as
frequently as possible (average sampling frequency, 0.8 times
per min), the pH determined and the sample returned to
the stomach. The cumulative volume of bicarbonate infused
was recorded each time a sample was taken. The average
time required to alkalinize the stomach (from pH 2.5 to
5.25) was 7.4±1.8 min.
The titration curve of gastric contents with sodium

bicarbonate was then plotted, and buffer capacity was esti-
mated by a technique described in the Results section. In
three subjects buffer content of the stomach was also mea-
sured at 1 and 3 h after the meal by a similar method.
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Serum gastrin concentration
In the experiments in which acid secretion was measured

by controlling gastric pH at 5.5, venous blood was collected
before and 1, 2, and 3 h after eating began. In two of the
duodenal ulcer subjects, the 3 h sample was omitted due to
difficulty in obtaining blood specimens. The blood was
allowed to clot, and serum was obtained by centrifugation
and stored at - 20'C until assayed.
Serum gastrin concentrations were measured by radio-

immunoassay (3). Porcine gastrin I served as the standard.
It was shown previously that samples of synthetic human
gastrin and porcine gastrin I with equivalent biologic ac-
tivity exhibited similar potency in this assay system (4).
All samples were assayed in duplicate. The sensitivity of
the assay was sufficient to measure a gastrin concentration
of 1 pg/ml, and at the 1: 10 dilution of serum used in the
assay, serum gastrin concentrations of 10 pg/ml or greater
could be measured.

Basal and peak histamine response
After discarding the residual gastric content, basal secre-

tion was collected for 60 min through a 16 Fr. Salem sump
tube with a Stedman intermittent suction pump (Stedman
Foundry & Machine Co., Inc., Aurora, Ind.). 30 min after
the basal collection was started, 50 mg of Benadryl (Parke,
Davis & Co., Detroit, Mich.) was injected intramuscularly.
At the end of the basal period, histamine acid phosphate,
0.04 mg/kg was inj ected subcutaneously. Gastric content
was collected in 15-min intervals for 1 h.
Hydrogen ion concentration was measured by the method

of Moore and Scarlata (5).
The peak histamine response was calculated as the sum

of the two highest 15-min secretion rates, multiplied by 2
to express the results in milliequivalents per hour.

RESULTS

Acid secretion rate after eating
IN VITRO EXPERIMENTS

Preliminary in vitro studies were carried out with
samples of homogenized meal in order to determine if
acid added to the meal could be estimated accurately by
the amount of sodium bicarbonate necessary to keep the
pH constant at 5.5. Such an experiment is summarized
in Fig. 1. In this experiment, acid was added at a con-
stant rate of approximately 4 meq/h to 100 ml of the
homogenized meal. Mixing was accomplished by a mag-
netic stirrer (60 rpm). Sodium bicarbonate was added
from a burette at a rate necessary to keep the pH at 5.5.
At intervals of 10 min, 10 ml of the reaction mixture was
discarded to simulate gastric emptying. As shown in
Fig. 1, the rate of acid addition was almost exactly equal
to the amount of sodium bicarbonate required to keep
the pH constant at 5.5. This held true whether the reac-
tion took place in an open system (surface of reaction
mixture open to air) or in a closed system that would
allow higher PCO2 concentrations to build up. Four addi-
tional experiments at pH 5.5 gave the same results.
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FIGURE 1 Correlation of the milliequivalents of 0.1 N HCl
added to a sample of homogenized meal (straight line)
and the milliequivalents of 0.3 N NaHCO3 required to
maintain the reaction pH at 3.0, 5.5, 6.0, or 6.5 in vitro.
As noted in the text, a fraction of the reaction mixture was
discarded every 10 min (to simulate gastric emptying). The
open circles denote experiments carried out in an open
beaker; the closed circles denote experiments carried out
in an airtight system that would prevent escape of C02
formed as a result of the reaction of HCl and NaHCO3.
The triangles indicate experiments carried out in an open
beaker that was gassed with air to facilitate the dissipation
of C02. It is emphasized that the straight line represents
the rate of acid addition, and is not a line through the
symbols, which indicate the rate of bicarbonate addition.

In a set of similar in vitro experiments, the amount
of sodium bicarbonate required to keep the pH at 3.0,
5.0, 6.0, and 6.5 was determined. Interestingly, after
the meal pH was adjusted to the end point pH of
either 3.0 or 5.0 by the addition of acid, the further
rate of acid secretion was accurately estimated by the
amount of bicarbonate required to maintain pH at the
desired level. Fig. 1 shows the results of a typical
experiment at pH 3.0. On the other hand, in order to
maintain the pH constant at 6.0 or 6.5, more bicarbonate
was required than the amount of acid added. This was
true in both a closed and an open system. However, if
the reaction mixture was gassed with air to aid in
the removal of C02, the rate of acid addition was
accurately reflected by the amount of bicarbonate required
to keep the pH constant. This is shown in Fig. 1.
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FIGURE 2 pH of gastric contents after eating the steak
meal in three patients with pernicious anemia.

These results indicate that high C02 concentrations
result in an overestimation of acid "secretion" at pH 6.0
and above but not when the pH is 5.5 or below. This is
presumably because the excess amount of bicarbonate
required to maintain a given pH as Pco2 rises is a log
function of the initial bicarbonate concentration, as
expressed in the Henderson-Hasselbalch equation. At
pH 5.5 the excess bicarbonate is an insignificant amount
compared with the total titration whereas at pH 6.0
and 6.5 the required excess is significant. The extra
amount of bicarbonate that must be added to maintain
a pH of 6.0 or 6.5 results in an overestimation of the
rate of acid "secretion".
The osmolality of 0.3 N sodium bicarbonate is 545

mosmol/kg. When this is added to 0.16 N hydrochloric
acid (the approximate concentration of acid believed
to be secreted by the parietal cells [6, 7]), in an amount
required to raise the pH to 5.5, the osmolality of the
resulting solution (mainly sodium chloride) is 210 mos-
mol/kg. This is approximately equal to the osmolality
of gastric contents after the ingestion of a steak meal
similar to the one used in the present in vivo studies
(8).
These in vitro studies suggest that gastric acid secre-

tion can theoretically be determined from the amount of
sodium bicarbonate necessary to maintain the intragas-
tric pH at 5.5, 5.0, or 3.0. They also indicate that titra-
tion at pH 6.0 or 6.5 with sodium bicarbonate would
probably result in an overestimation of acid secretion
and emphasize the importance of avoiding gastric pH
levels higher than 5.5 when bicarbonate is the alkaliniz-
ing agent. Neutralization of gastric acid with 0.3 N
sodium bicarbonate would not be expected to alter intra-
gastric osmolality.

IN VIVO STUDIES

Patients with pernicious anemia. Although the meal
had an average pH of 5.5, it is not known what the
pH of gastric contents would be if no acid were secreted
by the stomach, since salivary, pancreatic, biliary, and

nonparietal gastric secretions might alkalinize the meal
slightly. In order to assess this, three patients with
well-documented pernicious anemia, who were proven
achlorhydric after 0.04 mg/kg histamine, were studied.
They were fed the standard meal, and gastric contents
were sampled at 30-min intervals thereafter. Fig. 2
shows the pH of the gastric contents in these patients.
The pH stayed around 6.5 in two and varied between
5.8 and 6.3 in the third patient. Thus, the gastric con-
tent pH of pernicious anemia patients after eating is
higher than the original pH of the meal.

In order to quantitate the amount of the alkaline
secretion in pernicious anemia patients, their stomachs
were infused with 0.1 N hydrochloric acid at a rate
necessary to keep the pH at 5.5 during and after the
ingestion of the standard meal. The procedure was
exactly the same as described under Methods for normal
subjects and patients with duodenal ulcer, except that
acid was infused instead of bicarbonate. The results are
shown in Fig. 3 for one of these patients, who required
4.8 meq of hydrochloric acid to keep the gastric pH at
5.5, all of which was infused in the 1st h and three-
quarters after eating. After that time, the gastric pH
remained constant at 5.5, even though no further hydro-
chloric acid was infused. One of the other patients
behaved in an almost identical fashion. The third sub-
ject required 14 meq of hydrochloric acid, all of
which was infused in the first 2 h.
These studies indicate that from 4.8 to 14 meq of an

alkaline secretion mixed with the ingested meal during
the first 2 h after eating in these three patients with
pernicious anemia. During the next 2 h, there was no
evidence of further addition of an alkaline fluid to the
gastric content. If this estimate may be extrapolated
to normal subjects and to patients with duodenal ulcer,
estimation of postcibal acid secretion in such persons by

Meal
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4

meq
HCI

5

0 1 2 3
TIME AFTER EATING ( hours)

4

FIGURE 3 Milliequivalents of 0.1 N HO1 required to keep
gastric pH at 5.5 in a patient with pernicious anemia.
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FIGURE 4 Milliequivalents of 0.3 N NaHCO3 required to
keep gastric pH at 5.5 in normal subject (C. P.).

titration of gastric pH to 5.5 with sodium bicarbonate
will underestimate the true rate of acid secretion by
about 2.5 to 7 meq/h in the first 2 h. However, it is
not certain that patients without pernicious anemia
would have the same amount of alkaline solutions enter
the stomach after the meal as those with pernicious
anemia. It has, for instance, been suggested that patients
with achlorhydria have a greater tendency for duodenal-
gastric reflux than other subjects (9) and that patients
with pernicious anemia secrete more alkaline fluid into
the stomach in response to an acid load than normals
(10).
Studies in normal subjects and patients with duodenal

ulcer. An example of the results in one normal sub-
ject is shown in Fig. 4. This is the only patient in
the control or duodenal ulcer group in whom the pH
of the gastric fluid before eating was higher than 5.5.
Therefore, no bicarbonate was added before eating, and
in fact none was added until about 30 min after the meal
was begun. The figure shows the milliequivalents of
sodium bicarbonate required to keep the gastric pH at
5.5, and it will be noted that 11 meq was required in
the 1st h, 19 in the 2nd, 11 in the 3rd, and 5 meq in
the 4th and final h.

In carrying out in vivo titration with sodium bi-
carbonate it is possible to maintain the pH at a level
near 5.5, but many samples are obtained whose pH is
either below or above this level by one-half pH unit,
and occasionally further deviations were encountered.
This will result in an error in the calculated rate of
acid secretion only to the extent that over- and under-
titrated gastric content is emptied from the stomach,
and the errors of over- and under-titration will, to
some degree at least, cancel each other out.

Reproducibility was assessed in six subjects; two
examples of the complete titration are given in Fig. 5.
Excellent agreement is evident, and it should be pointed

out that the results of the first test cannot bias the
second test since the normality of the sodium bicarbo-
nate solution is not determined until the titration is
completed. Furthermore, the very nature of these in vivo
titrations, with the pump rate changed after every gas-
tric pH determination, virtually precludes subconscious
bias.

Fig. 6 shows the results of duplicate tests on all six
subjects who were studied on two occasions, expressing
the results according to the highest rate of acid secre-
tion observed in any one of the 4-h periods. Again, the
agreement between duplicate tests is good, the correla-
tion coefficient being 0.92.

Fig. 7 shows the acid secretion rate in six normal
subjects and seven duodenal ulcer subjects, plotted so
that the rate of acid secretion in milliequivalents per
hour is shown for each 30 min period. Average basal
secretion, measured by standard aspiration techniques,
was 7.5 and 1.4 meq/h in the ulcer and control sub-
jects, respectively. Acid secretion after the meal, mea-
sured by bicarbonate titration, reached a peak at 1 h in
the ulcer patients and at 12 h in the controls. Peak
secretion rate was 65.7 meq/h in the ulcer group,
31.8 meq/h in the normal subjects. Acid secretion
gradually diminished to 21.4 and 7.7 meq/h in the ulcer
and control subjects, respectively, during the 4th h.
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FIGURE 5 Reproducibility of in vivo titration to pH 5.5
in two patients with duodenal ulcer.
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FIGURE 6 Reproducibility of in vivo titration to pH 5.5
in six subjects. Results are the highest rate of acid secretion
observed in any of the 4-h periods after the meal was
begun. The line is perfect identity, not the regression line
of the experimental observations.

Table I shows the peak secretion observed after
eating during any 1 h period and the peak histamine
response and basal secretion rate for each subject. Most
ulcer patients secreted acid after eating at a rate ex-
ceeding their peak histamine response (average 116%),
whereas most normal subjects secreted less after the
meal than after histamine (average 86%). The differ-
ence was statistically significant (P < 0.05). The cor-
relation of the peak histamine and peak meal response
in all subjects is shown in Fig. 8. The correlation co-
efficient was 0.86.
The individual and mean serum gastrin levels before

and at 1, 2, and 3 h after eating are shown in Fig. 9.
Although gastric pH was constant at 5.5 in all these
experiments, the serum gastrin response was highly
variable; postprandial gastrin concentrations rose by
a factor of 3 in some and hardly at all in other subjects.

80

60-

t40 A

20 -

I I I ~~~Normals
O 1 2 3 4

TIME AFTER MEAL (hours)

FIGURE 7 Rate of acid secretion after eating in six normal
subj ects and in seven patients with duodenal ulcer. Mean
+SE. The rate of basal acid secretion, measured by standard
methods, is shown for comparison at zero time.

TABLE I
Basal, Peak Histamine, and Peak Meal Acid Secretion* in

Normal Subjects and Patients with Duodenal Ulcer

Peak Peak Peak meal
Subject Basal histamine meal Peak histamine X

Normals
C. C. 4.2 40.4 35 87
J. H. 0.0 41.0 41 100
C. P. 0.1 25.0 19 76
B. B. 0.3 40.2 35 87
J. B. 1.4 29.8 17 57
J. R. 2.3 30.8 34 110

Mean 1.4 t0.7 34.5 ±2.8 30 ±:4.0 86 47.6
±SE

Duodenal ulcer patients

M.C. 20.3 80.6 94 117
J. D. 2.5 49.4 75 152
P. G. 1.0 28.3 39 138
A. C. 10.2 79.0 64 81
X. C. 4.4 54.5 65 119
G. P. 3.7 46.8 51 109
G. W. 10.4 68.8 61 89

Mean 7.5 ±2.5 58.2 ±7.2 64 +6.6 116±49.5
±SE

* Milliequivalents per hour.

The average fasting and postcibal levels were higher
in the duodenal ulcer patients than in the controls, but
since the variation within each group was wide the dif-
ferences are not statistically significant. On the average,
peak gastrin level occurred 1 h after the meal and was
approximately 2 times the fasting level in the control
subjects and 11 times the fasting level in the duodenal
ulcer patients. In all normal subjects except one, the
gastrin concentration fell at 3 h to a level lower than
at 2 h, whereas in the duodenal ulcer subjects there
was a tendency for the gastrin concentration to be as
high at 3 h as it was at 2 h. More work obviously needs
to be done to see if this difference is real.

In order to better assess the role of serum gastrin
concentration in determining the rate of postcibal acid

E /
W
U)
z 0 0
o
0.

W0 50

-J0
4

0/0 0 Normals
4/ * D.U.

0C 50 100
PEAK HISTAMINE RESPONSE

meq/h

FIGURE 8 Correlation of peak histamine and peak meal
response in normal subj ects and in patients with duodenal
ulcer.
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secretion, the results in individual subjects are depicted
in Fig. 10. In the top sequence in this figure the serum
gastrin level 1 h after the meal, the absolute rise in
serum gastrin at 1 h, the peak rise in serum gastrin
after the meal, and the maximum percent rise above
basal level are plotted against the peak rate of acid
secretion after the meal. There is no indication from
these results that the serum gastrin level is important
in determining the different rates of peak gastric acid
secretion noted in different people after the meal.

In the bottom sequence in Fig. 10, the same aspects
of the serum gastrin response are correlated with the
peak meal response, expressed as a function of the peak
histamine response. This method of expression tends to
normalize the secretory rate to a constant parietal cell
mass. Of the various ways in which the gastrin level
was expressed, the best correlation with acid secretion
was the gastrin level at 1 h after eating (r = 0.45).
This correlated better than the absolute rise in serum
gastrin or the percent rise above the basal level.

Buffer capacity of the stomach
IN VITRO EXPERIMENTS

Reversibility of the reaction of the iweal with acid.
Samples of the diluted meal were carefully titrated with

E

0)

c
a)

oNormals
* Ulcers

I/Ki

F 2 3 F 1 2 3 F 1 2 3
Normals Ulcer Patients Mean Results+SE

FIGURE 9 Serum gastrin concentration in the fasting state
(F) and at 1, 2, and 3 h after the steak meal. In the fasting
state, the gastric pH in these subjects was not known but
at all times after the meal the gastric pH was kept con-
stant at 5.5. The mean result at 3 h in the ulcer patients
is not plotted, since two ulcer patients (P. G. and M. C.)
did not have blood drawn for gastrin level at 3 h.

concentrated hydrochloric acid to a pH of 1.0 and then
back-titrated with concentrated sodium hydroxide. The
titration curves were virtually identical, indicating that
the reaction of meal with acid is reversible. This point
was proven by another experiment in which a sample
of the original meal having a pH of 5.55 was acidified
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FIGURE 10 Correlation of serum gastrin level and the peak acid secretion rate after the

steak meal. In the top sequence the observed peak meal response is correlated with serum

gastrin. In the bottom sequence the peak meal response is expressed as a percent of the peak

histamine response, which is assumed to normalize the results to a constant parietal cell mass.
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FIGURE 11 Titration of fasting gastric juice (G. J.) and
homogenized meal plus gastric juice with NaOH and
NaHCO8. In these experiments 2.5 ml of the homogenized
meal were diluted with 27.5 ml of gastric juice and titrated
with NaOH and NaHCO&. For comparison 27.5 ml of
gastric juice plus 2.5 ml of water were similarly titrated.

with hydrochloric acid to pH 1.10. After a 5 min
period, sodium hydroxide was added in an amount

exactly equivalent to the amount of hydrochloric acid
added initially, and the pH was again measured. If
food combines reversibly with acid, the pH after addi-
tion of sodium hydroxide should be 5.55, whereas if the
reaction of food with hydrochloric acid was irreversible
(liberation of C02 and water, for instance), then the
pH after sodium hydroxide was added would be higher
than the starting point of 5.55. The actual pH after
addition of sodium hydroxide was 5.60, indicating that
almost all of the reaction of food buffer and hydro-
chloric acid is reversible.

Direct and indirect estimates of buffer capacity.
Titrations of gastric juice and homogenized meal plus
gastric juice with sodium hydroxide and sodium bi-
carbonate are shown in Fig. 11. With sodium hydroxide
the titration curve of gastric juice and meal plus gastric
juice was similar up to a pH of about 2.0, after which
the curve for gastric juice plus the meal deviated to
the right. The amount of buffer in the meal sample
was defined as the difference in the amount of sodium
hydroxide necessary to titrate a pure gastric juice
standard and an equal volume of an unknown from a

given pH less than 2.0 to a pH of 5.5 (the original
pH of the meal). This is referred to as the direct

method of measuring buffer capacity. In the example
shown in Fig. 11, this was 0.50 meq of buffer per 2.5

ml of the homogenized meal sample. By this method

the buffer content of the entire meal averaged 87 meq.
As shown in Fig. 11, the shape of the titration curves

with sodium bicarbonate was different than with sodium

hydroxide; with sodium bicarbonate the titration curves

with and without food deviated at approximately 2.2

instead of 2.0, and above pH 5.5 the curves deviated

sharply rightward. Note that the amount of sodium

bicarbonate required to raise the meal sample pH from

2.5 to 5.25 is equal to 0.5 meq, the known amount of
buffer in this sample of meal (as defined by the sodium
hydroxide titration curves). Estimation of buffer ca-
pacity by the amount of sodium bicarbonate necessary
to raise the pH from 2.5 to 5.25 is hereafter referred
to as the indirect method. (Other points along the titra-
tion curve could, of course, also be chosen that would
give the correct amount of buffer.) In order to see if
the amount of sodium bicarbonate necessary to raise
pH from 2.5 to 5.25 could be used as a reliable measure
of buffer capacity, samples of diluted meal and samples
of postcibal gastric contents from control and duodenal
ulcer patients were measured by both the direct and
indirect methods. The results are shown in Fig. 12.
Note that the agreement is excellent, indicating that
buffer content can be estimated from a sodium bi-
carbonate titration curve alone. This means that the
quantity of buffer in the stomach contents can theo-
retically be accurately estimated by in vivo titration
with sodium bicarbonate, even though the volume of
the gastric content is unknown (see below).

Generation of buffer by peptic digestion. 10 ml of
homogenized meal plus fresh gastric juice was incu-
bated and stirred for 0, 1, and 2 h at 370C; the samples
were then titrated with sodium hydroxide, and buffer
content was calculated by the direct method described
above and in Fig. 11 (left side). As shown in Fig. 13,
the meal plus gastric juice incubated for 0 h had a
pH of 1.98, whereas after 1 and 2 h of incubation the
pH was raised to 2.27 and 2.70, respectively. The buffer
capacity of the 10 ml sample was 1.74 meq at zero

time, 2.14 meq at 1 h, and 2.33 meq at 2 h. Thus, incu-
bation of the meal plus fresh gastric juice generated
a 33%o increase in buffer capacity in 2 h.
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FIGURE 12 Correlation of the "true buffer" as measured

by titration with NaOH according to the method shown

on the left side of Fig. 11, and "estimated buffer" measured

by the amount of NaHCOs necessary to raise the pH of the

sample from 2.5 to 5.25.
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FIGURE 13 Buffer capacity of 10 ml of homogenized meal after incubation with 20 ml fresh
gastric juice for 0, 1, and 2 h. The pH of the mixture after each incubation interval (before
titration) is indicated by the arrows. Buffer capacity is defined as the difference in the
amount of NaOH required to titrate the meal sample and pure gastric juice from a pH of
2.0 to a pH of 5.5.

IN Vivo EXPERIMENTS

Fig. 14 shows the titration of the gastric content with
sodium bicarbonate at 1, 2, and 3 h after eating in a

patient with duodenal ulcer. Estimated buffer, i.e., the
amount of sodium bicarbonate required to bring the pH
from 2.5 to 5.25 (see in vitro studies) was 29 meq at
1 h, 5 meq at 2 h, and 1.2 meq at 3 h. For comparison

6

4

pH

it should be recalled that the buffer capacity of the
entire meal was 87 meq.

Hourly buffer capacity measurements such as those
shown in Fig. 14 were done in only three subjects. In
the rest, buffer capacity was measured only at 2 h, and
the results are shown in Fig. 15. Buffer capacity of the
stomach at 2 h averaged 23.6 meq in the normal sub-
jects and 9.5 meq in the patients with duodenal ulcer
(P < 0.05). One of the seven ulcer patients was not
studied.

Fig. 16 compares the buffer content of the stomach at
2 h with the peak gastric acid secretion rate after the

50[

1 hour = 29 meq
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0
40 80
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FIGURE 14 Buffer content of the stomach 1, 2, and 3 h
after beginning the meal in a duodenal ulcer patient.

U-)

c'J

w

LU.
Li.

a)
E

0

40k

30h
0

20k 00

0

0

10k

NORMALS D.U.

FIGURE 15 Buffer content of the stomach 2 h after be-
ginning the meal in six normal subj ects and in six patients
with duodenal ulcer.
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FIGURE 16 Correlation of the peak meal response during
any of the 4 h after eating and the buffer content of the
stomach 2 h after eating.

meal. There is a distinct tendency for people with high
secretory rates to empty the meal more rapidly than
people with lower secretory rates, although the corre-
lation appears curvilinear rather than linear on arith-
metic scale. Better definition of the type of relationship

TABLE II
Gastric Acidity at 1 h after Eating, Volume of 0.1 N Hydro-

chloric Acid Infused before 2 h Buffer Content Measure-
ment, and pH and Hydrogen Ion Concentration of

Gastric Fluid just before Titration with
Sodium Bicarbonate

Gastric acidity just
Gastric acidity before titration

at 1 h vol 0.1 with NaHCOs
N HC1

Subject pH EH+]* infused pH [H+]*

meqlliter ml meqiliter

Normals
C. C. 2.48 4.0 78 2.03 11.5
J. H. 4.27 0.1 14 1.54 35.8
C. P. 3.61 0.3 192 1.86 16.9
B. B. 3.19 0.9 248 1.80 19.5
J. B. 6.16 0.0 400 2.25 6.9
J. R. 4.18 0.1 118 1.98 12.8

Mean 3.19t 0.940.6 175 1.86: 16.843.5

Duodenal ulcer patients
M. C. 2.48 4.0 1.41 48.7
J. D. 2.73 2.4 1.86 16.9
P. G. 3.30 0.7 1.88 16.2
A. C. 2.30 6.1 2.03 11.5
X. C. 2.80 1.9 1.67 26.4
G. P. 2.04 11.2 1.57 33.4

Mean 2.34t: 4.5d40.6 1.68t 25.5-+5.6

* By the method of Moore and Scarlata (5).
1 Value is the pH corresponding to average hydrogen ion con-

centration, not the average of the pH values.

could probably be obtained by relating the half-life of
buffer in the stomach to acid secretion rate, and this is
an important subject for future study. The buffer con-
tent in the stomach 2 h after eating was also correlated
in a negative fashion with the peak histamine response
and with the peak meal response expressed as a per-
centage of the peak histamine response.
As noted previously, a prerequisite for making an

estimate of buffer content by the present method is
that the gastric fluid pH must be less than 2.5 before
titration with sodium bicarbonate. In all of the ulcer
patients in whom buffer content was measured 2 h
after eating, the gastric fluid pH was less than 2.5 by
virtue of their own acid secretion. However, pre-
liminary studies in normal subjects showed that this
was frequently not the case; consequently, 0.1 N hydro-
chloric acid was infused in all of the normal subjects
from 1 to 2 h after the meal. Table II shows the pH
of the gastric content 1 h after eating, the volume
of 0.1 N hydrochloric acid infused before buffer mea-
surement, and the stomach fluid pH and hydrogen ion
concentration just before titration with sodium bicar-
bonate. The average volume of 0.1 N hydrochloric acid
infused in the normals was 175 ml, and the average
hydrogen ion concentration before alkali titration was
16.8 meq/liter in the normals (which corresponds to a
pH of 1.86) and 25.5 meq/liter in the duodenal ulcer
subjects (pH 1.68).

DISCUSSION
These experiments have shown that acid secretion after
a normal meal can be estimated by the amount of sodium
bicarbonate required to keep the pH of the stomach
contents at 5.5, which is the pH of the meal after ho-
mogenization. The accuracy of the method is dependent
on the degree to which gastric contents can be mixed.
In spite of vigorous efforts to mix the gastric contents,
we were not able to maintain gastric pH exactly con-
stant, which indicates that mixing was imperfect. How-
ever, this will result in an error in the calculated rate of
acid secretion only to the extent that over- and under-
titrated gastric content is emptied from the stomach, and
errors of over- and under-titration will, to some degree,
cancel each other out. The excellent agreement obtained
in duplicate tests in six subjects suggests that the method
is accurate, although any technique that would improve
mixing would enhance accuracy even further.
Acid secretion measured by constant titration (and

also that measured by most other tests of acid secretion,
including basal and peak histamine secretion) reflects
net acid secretion, i.e., true acid secretion minus the
rate at which secreted base (salivary, pancreatic, biliary,
and nonparietal gastric fluids) is mixed with the gastric
contents, and minus the acid loss by back diffusion. The

654 1. S. Fordtran and J. H. Walsh



contribution of secreted base was easily documented by
studying patients with pernicious anemia, but the quan-
tity of base secreted into the stomach in these patients
probably overestimates that secreted in normal subjects
and in patients with duodenal ulcer (9, 10). There is no
method available for measuring the rate of base addition
to the gastric contents in patients who secrete acid, al-
though by making certain assumptions the rate of parietal
and nonparietal secretion can be calculated mathemati-
cally (6).

It should be pointed out that acid secretion rates re-
ported in this paper apply to the special circumstance
where the pH is maintained constant at an abnormally
high level. Based on previous studies in experimental
animals and humans, keping the gastric pH at 5.5
(rather than allowing acid secretion to lower gastric
pH to below 3) would be expected to have the following
effects: First, it would probably speed gastric emptying.
Second, it would prevent peptic digestion, which in turn
would prevent generation of additional buffer and of
polypeptides and amino acids. Third, it would markedly
retard back diffusion of hydrogen ions from the gastric
lumen to blood. And, fourth, it would permit more antral
gastrin release in response to various stimuli (distention,
amino acids, dipeptides). Although for these reasons
the present method is "unphysiologic," it should be noted
that there is some advantage to a method which mea-
sures acid secretion and serum gastrin concentration at
a constant and controlled level of gastric pH, especially if
the results in pathologic conditions such as in patients
with duodenal ulcer are compared with results in nor-
mal people. In addition, in vitro studies (shown in Fig.
1) suggest that constant titration of the gastric content
to any level between 3.0 and 5.5 may be used to measure
acid secretion; therefore, the effect of gastric pH (within
this range at least, and probably at lower pH levels) on
acid secretion can be determined by constant titration
in future studies.
With gastric pH maintained constant at 5.5 the net

rate of gastric acid secretion in seven patients with du-
odenal ulcer was found to be approximately twice that
in a group of healthy control subjects. Furthermore,
there was a tendency for the duodenal ulcer subjects to
secrete at a higher percentage of their peak histamine
response than the normal subjects. This might have im-
portant bearing on the pathogenesis of duodenal ulcer
and suggests that the parietal cell responsiveness to a
meal as well as the parietal cell mass (as estimated by
the peak histamine response) may determine the amount
of acid secreted by a given individual. The recent study
of Isenberg, Best, and Grossman (11) and of Richard-
son and Fordtran' suggesting that patients with duodenal

1Richardson, C. T., and J. S. Fordtran. 1973. Histamine
dose response curves: correlation with basal gastric secre-

ulcer are hyper-responsive to small doses of pentagastrin
and histamine, would be compatible with this concept.
Another possible explanation for the greater responsive-
ness of the ulcer patients is that they received larger vol-
umes of alkali (to match their higher rates of acid -se-
cretion) than the controls, and this may have augmented
their acid secretory response to the meal. On the other
hand, three of the control subjects (C. C., J. H., and
B. B.) had peak histamine responses averaging 40.5
meq/h, and these can be compared with three of the
ulcer patients (J. D., P. G., and G. P.) whose average
peak histamine response was 41.5 meq/h. In these three
control subjects, the average percentage of acid secre-
tion after the meal compared with the peak histamine
response was 91.3%, while the similar value for the
three ulcer patients was 133%. This suggests that the
tendency for duodenal ulcer patients to secrete a greater
percentage of their peak histamine response after eating
than normal subjects is probably not due simply to the
fact that larger volumes of alkali were required to neu-
tralize the secreted acid. The problem is obviously not
completely settled, however, and in the future it will be
important to control the variable of volume by infusing
a more concentrated alkaline solution in high secretors
than in low secretors, so that the volume of intragastric
infusion in different groups will be more comparable.
The pattern of acid secretion after eating is of some

interest. Acid secretion did not become maximum until
the second 30 min period in ulcer patients and not until
the third 30 min period in the control group. After
reaching a peak, secretion gradually diminished over the
next 2-3 h period. 4 h after eating, secretion rate was
about one-third maximal in the duodenal ulcer patients
and about one-fourth maximal in the control subjects;
this difference is probably due to the same unknown fac-
tors which are responsible for the higher ratio of basal
to peak histamine secretion in the duodenal ulcer subjects
compared with the normal group (as calculated from the
data in Table I).
The serum gastrin concentrations after eating, with

gastric pH maintained constant at 5.5, were no higher
than in a previous study when subjects were fed a beef
meal and gastric pH allowed to seek its natural level
(12). When gastric pH was not manipulated, the peak
serum gastrin occurred about 30-60 min after eating,
probably before gastric contents were significantly acidi-
fied. For this reason, it is perhaps not surprising that
maintaining gastric pH at 5.5 made little or no differ-
ence in peak levels of gastrin. However, it is surprising
that neutralization did not raise gastrin to higher levels
at 2 and 3 h after the meal. This observation suggests
that antral pH in humans may not have the important

tion, Ewald meal response, gastric emptying, serum gastrin
and parotid salivary flow. Unpublished results.
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physiologic regulatory influence on protein-stimulated
antral gastrin release that has been predicted from physi-
ologic studies in animals. Further study correlating vari-
ations in gastric pH, acid secretion rate and serum gas-
trin concentrations in the same subjects will be necessary
to settle this point with any degree of certainty.

In the present studies, mean fasting and postcibal se-
rum gastrin concentrations were higher in the duodenal
ulcer subjects than in our normals. Wide difference in
the level of serum gastrin concentrations were evident
within each group, however, and the difference between
groups in mean gastrin concentrations was not statisti-
cally significant. On the other hand, there was a rough
positive correlation between the absolute level of gastrin
1 h after eating and the peak secretory response ex-
pressed as a percentage of the maximum histamine re-
sponse (r = 0.45). The absolute and percent postcibal
rise above fasting gastrin concentration correlated less
well with the secretory response than the absolute con-
centration of gastrin 1 h after the meal. We conclude that
the higher meal response of the duodenal ulcer patients
than normals, relative to their peak histamine response,
may in part be related to higher gastrin levels after the
meal, but that other factors are almost certainly involved.
A second objective of this study was to measure buffer

capacity of the stomach contents after eating a meal.
In vitro experiments showed that the reaction of meal
buffer with acid was reversible, and that acidified buffer
remaining in the stomach after a meal could therefore
be measured by back-titration with alkali. Additional ex-
periments revealed that buffer capacity of any given
sample of the meal, of the meal plus gastric juice, or of
any sample of the postcibal stomach content could be
determined from its titration curve with sodium bi-
carbonate, equating the amount of bicarbonate necessary
to raise the pH from 2.5 to 5.25 with buffer capacity. It
was also shown that on incubation of the meal and
fresh gastric juice at 370C, a 33% increment in buffer
capacity is generated due to peptic digestion.
The buffer capacity of the meal used in these studies

was 87 meq after homogenization. The buffer which en-
tered the stomach was probably less than 87 meq since
normal chewing does not disperse the meal as well as
homogenization. Buffer content of the stomach at hourly
intervals after eating was studied in three subjects (an
example is shown in Fig. 14), and rather rapid decrease
in buffer capacity during this period was noted in each
subject. Buffer content was measured at 2 h after eating
in all six of the normal subjects and in six of the seven
duodenal ulcer subjects. The ulcer patients had less
than half as much buffer in their stomachs 2 h after eat-
ing as the normal subjects. Furthermore, when the two
groups were considered together, there appeared to be
an inverse correlation between the rate of acid secre-

tion and buffer content in the stomach at 2 h (Fig. 16),
i.e., patients with higher rates of acid secretion had less
buffer remaining in their stomachs and vice versa. It
should be noted that more rapid buffer emptying in high
secretors probably cannot be explained simply by higher
gastric volumes in the hypersecretors, since in the low
secretor group 0.1 N hydrochloric acid was infused into
the stomach to lower gastric pH before the time that
buffer capacity was measured. It is also unlikely that
this difference in buffer emptying can be explained by
the lower gastric pH in high secretors during the 1st
h after eating (Table II), since high acidity is generally
assumed to reduce the rate of gastric emptying.
While no previous workers have, as far as we are

aware, specifically measured gastric buffer content after
a meal, several investigators have estimated gastric
emptying of test meals in normal subjects and in pa-
tients with duodenal ulcer. Shay used a barium and water
test meal and by X-ray found that patients with duodenal
ulcer have rapid gastric emptying (13). Hunt used test
meals of saline, glucose, and glucose plus acid and found
that gastric emptying as measured by the serial sampling
technique was the same in patients with duodenal ulcer
and in normal students (14). Br6mster, Carlberger, and
Lundh found no difference in ulcer and control subjects
in the half-life in the stomach of a liquid test meal
as measured by external isotope counting (15), while
Griffith, Owen, Campbell, and Shields, using a simi-
lar method, found that a meal of porridge, eggs, milk,
and bread was emptied more rapidly in duodenal ulcer
patients than in controls (16). Finally, George recently
reported that by a double sampling technique and water
as a test meal, duodenal ulcer and normal subjects have
similar rates of gastric emptying (17). Thus, the results
of previous studies are contradictory and have not
established whether or not duodenal ulcer subjects have
normal or increased rates of gastric emptying. It is
interesting, however, that in the only previous study
which employed a normal type meal (16), gastric emp-
tying was more rapid in duodenal ulcer patients than in
controls, and this would agree with our finding of less
gastric buffer capacity after a steak meal in duodenal
ulcer patients than in controls. Nevertheless, we wish
to emphasize that our method measures only the
emptying rate of buffer and not necessarily the emptying
rate of the total mass in the stomach. The mechanisms
of emptying of buffer may not be the same as for
total mass.
Combining the acid secretion and buffer emptying

data presented in this paper,' three tentative conclusions

2 It is emphasized that before estimation of buffer content
the gastric pH was 2.5 or lower, whereas when acid secre-
tion was measured gastric pH was maintained at 5.5.
Emptying and secretion were not, therefore, studied under
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seem appropriate. First, it is apparent that the steak meal
used in these experiments elicited a higher secretory
fraction of the peak histamine response in the duodenal
ulcer patients (116%) than in the normal subjects
(86%), suggesting that parietal cell responsiveness to
a meal is greater in duodenal ulcer patients than in
controls. Second, the duodenal ulcer patients emptied
the meal's buffer much more rapidly than normal sub-
jects, which would result in reduced efficiency of the
buffer in preventing a rise in gastric acidity. (The im-
portance of these two abnormalities under normal physi-
ologic conditions is evident from the fact that gastric
acidity, when allowed to seek its natural level, was much
higher 1 h after the meal in the ulcer patients than in
the control subjects. Furthermore, acidity was higher 2 h
after eating in the ulcer patients than in the normals, in
spite of exogenous gastric acid infusion in the normal
subjects [Table II].) Third, the duodenal ulcer pa-
tients continued to secrete acid at high rates even after
more than 90% of the meal's buffer had been emptied
from the stomach, and these continued high rates of
acid secretion after almost all buffer has been emptied
from the stomach seem physiologically inappropriate. All
three of these factors may be important in the pathogene-
sis of duodenal ulcer, and all three could be manifesta-
tions of a single underlying abnormality, such as in-
creased vagal tone or a defect in hormonal inhibition of
gastric motility and secretion by duodenal factors.
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the same conditions of intragastric pH, and this qualification
should be kept in mind when acid secretion and buffer con-
tent are compared.
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