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Objectives: It is our experience that many patients
treated with proton pump inhibitors (PPI) b.i.d. recover
acid secretion during the night. Our aim was to assess
the efficacy of omeprazole and lansoprazoleb.i.d. on
nocturnal gastric acidity. Methods: Three groups were
studied with intragastric pH monitoring. Group 1 con-
sisted of 17 patients with gastroesophageal reflux disease
(GERD) taking omeprazole 20 mgb.i.d. Group 2 was 16
male volunteers taking omeprazole 20 mgb.i.d. and
Group 3 comprised 12 volunteers taking lansoprazole 30
mg b.i.d. Results:The percentages of time that subjects
had pH < 4 were lower during supine than upright
periods in Groups 1 and 3 (P < 0.01). Recovery of
nocturnal acid secretion lasting > 1 h, termed acid
breakthrough, occurred in three-fourths of all individ-
uals within 12 h from intake of the evening dose of PPI.
Median time to acid breakthrough for the whole group
was 7.5 h. Conclusion: Nocturnal acid breakthrough
occurs in a majority of patients and normal volunteers
taking PPI b.i.d. (Am J Gastroenterol 1998;93:763–767.
© 1998 by Am. Coll. of Gastroenterology)

INTRODUCTION

Single daily doses of the proton pump inhibitors (PPI)
omeprazole or lansoprazole provide marked acid suppres-
sion. Twenty milligrams of omeprazole will reduce gastric
acidity by . 90% and 30 mg of lansoprazole increases the
median 24-h gastric pH to 5.17 (1–3). This degree of acid
suppression is sufficient to treat symptoms and heal esoph-
agitis in 80–90% of patients with typical gastroesophageal
reflux disease (GERD) (4, 5). However, there are some
patients who require higher degrees of acid suppression.
These include patients with severe esophagitis, scleroderma,
Barrett’s esophagus, and some patients with atypical man-
ifestations of GERD (6). Higher acid suppression can be
achieved by increasing the dose of PPI, with the greatest
effect obtained by dividing the dose. Twenty milligrams of
omeprazole given twice daily (b.i.d.) is superior to 40 mg

once a day (q.d.) in controlling 24-h acid secretion, as
assessed with ambulatory intragastric pH monitoring (7).
Despite improved acid suppression withb.i.d. dosing, we
have observed that many patients following such a regimen
recover gastric acid secretion at night, a phenomenon we
have termed acid breakthrough. In this manuscript we report
our results from evaluation of the efficacy of omeprazole
and lansoprazole givenb.i.d. on nocturnal gastric acidity in
patients with GERD and in normal volunteers.

MATERIALS AND METHODS

Subjects

Three groups of individuals were studied. Group 1 con-
sisted of symptomatic patients with GERD taking omepra-
zole 20 mgb.i.d.; 17 patients with persistence of GERD-
related symptoms after at least 4 wk of omeprazole therapy
qualified for inclusion. Patients meeting our definition of
omeprazole failures, defined as intragastric pH, 4 during
more than half of a 24-h study, were excluded (8). Patients
were free to choose their meals, including beverages, and
there was no restriction of time and number of meals.
Omeprazole was taken before breakfast and dinner. Group 2
was made up of 16 normal male volunteers taking omepra-
zole 20 mgb.i.d. they were studied on Day 7 of treatment.
They were also free to choose their meals, including bev-
erages. However, they were instructed to eat at 8:00 AM,
12:00 PM, and 6:00 PM, and no additional meals were
allowed. Omeprazole was taken before breakfast and dinner.
Group 3 comprised 12 normal volunteers taking lansopra-
zole 30 mgb.i.d. who were studied in a hospital clinical
research unit on Day 7 of treatment. Thirty milligrams of
lansoprazole was given at 8:00 AM and at 6:00 PM. A
standardized meal was served at 8:30 AM, 1:30 PM, and
6:30 PM. Water was allowedad libitum in all three groups.
Participants were instructed to be upright during the day and
supine at night and to record these times, as well as meal
times, in a diary.

lntragastric (IG) pH monitoring

Ambulatory pH monitoring was performed with an anti-
mony pH catheter (Synectics Medical Inc., Irving, TX)
placed 10 cm below the proximal border of the manomet-
rically assessed lower esophageal sphincter (LES). pH val-
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ues were recorded on a Mark III Digitrapper (Synectics
Medical).

Data analysis

Data were analyzed using standard commercial software
(Esophagram, Synectics Medical). The percentages of time
subjects recorded intragastric pH, 4, 3, and 2, and median
pH values, were calculated for upright and supine periods.
Evening and night were divided into two consecutive 6-h
periods, starting from the intake of the evening dose of PPI,
to assess when nocturnal acid breakthrough occurred. Meal
periods were not excluded. Acid breakthrough was defined
as occurring when intragastric pH dropped, 4 and re-
mained below that level for at least 1 h (Fig. 1). Nocturnal
acid breakthrough was defined as the occurrence of acid
breakthrough within 12 h from intake of evening PPI. Noc-
turnal acid control was defined as the time from intake of the
evening PPI until occurrence of acid breakthrough.

Statistics

Percentages of times with pH, 4, 3, and 2 were com-
pared with paired and unpairedt tests, as indicated. Median
pH values were analyzed with the rank sum test. Ages of the
participants were compared with ANOVA and Bonferroni’s
method for multiple comparisons. Gender distribution was
analyzed with the Fisher’s exact test. Two-tailedp values#
0.05 were considered significant. The statistical software
used was True Epistat 4th ed. (Epistat Services, Richardson,
TX).

RESULTS

Demographic data and treatment regimens are given in
Table 1. Group 1 consisted of patients with GERD, whereas
Groups 2 and 3 included normal volunteers. Patients in
Group 1 were older (mean 46 yr) than those in Groups 2 (25
yr) and 3 (33 yr) (p , 0.01). Group 2 consisted exclusively
of men.

The mean (6 SE) percentage of time with IG pH, 4 was
significantly higher during the supine than during the up-

right period in Group 1 (33.46 3.1%vs20.06 2.8%) and
in Group 3 (35.16 10.1% vs 7.0 6 4.0%; p , 0.01 for
both). Intragastric acidity was also higher supine than up-
right in Group 2 (28.36 8.0%vs23.76 5.9%). However,
this difference was not significant. The absence of a differ-
ence between supine and upright acidity in this group was
due to a combination of lower acid suppression upright and
lower acid secretion supine (Fig. 2). Because Group 2 con-
sisted of male subjects only, the men of Groups 1 and 3 were
analyzed as a subgroup to test whether the absence of a
difference between supine and upright acidity in Group 2
could be explained by male gender. The mean percent of
times IG pH measures were, 4 was still numerically higher
during the supine period in both subgroups (Group 1, 17.1%
6 3.5% uprightvs 31.1 6 4.6% supine [p 5 0.03] and
Group 3, 13.86 12.0% uprightvs 45.6 6 23.4% supine
[p 5 NS]). The absence of statistical significance in Group
3 most likely reflects beta-error, as this group consisted of
only four men. Analysis for percentages of time with IG
pH , 3 and 2 confirmed less acid suppression upright than
supine (Table 2).

Recovery of gastric acid secretion occurred in the second
6-hour period after the evening dose of PPI. Mean percent-
ages with intragastric pH, 4 for the firstversusthe second
6-hour period were 13.26 3.1%vs37.86 4.9% in Group
1 (p , 0.001), 22.16 6.1%vs31.96 8.2% in Group 2 (p 5
0.1), and 4.16 2.2% vs 36.2 6 10.3% in Group 3 (p ,
0.01), (Fig. 3).

The median time to onset of acid breakthrough for all
individuals together was 7 h, 30 min. The respective times
by groups were 7 h, 18 min in Group 1, 4 h, 58 min in Group
2, and 10 h, 27 min in Group 3. Seventy-three percent of all
participants had nocturnal acid breakthrough, with the per-
centages for Groups 1 to 3 being, 100%, 69%, and 50%,
respectively.

Assessment of intragastric acidity with median pH values
failed to detect any significant difference between upright
and supine periods. Median supine and upright pH values
were. 5 in all three groups (p . 0.1), (Table 3).

DISCUSSION

This is to our knowledge the first report of nocturnal acid
breakthrough while taking PPIb.i.d. Acid breakthrough
occurs approximately 7.5 h after the evening dose of PPI
and affects three-fourths of individuals. Similar effects are
seen with omeprazole and lansoprazole, in patients with
GERD and in normal volunteers, suggesting a class phe-
nomenon. Lindet al. have previously shown that omepra-
zole is more effective during the day than during the night-
time. The percentages of time during which the intragastric
pH was, 4 were 22% during the day and 84% at night
while taking 20 mg, and 16% during the dayversus58% at
night with 40 mg (9). This observation was confirmed by
Klinkenberg-Knol and Meuwissen (10). In these studies the
drug was given in the morning, suggesting that the loss of

FIG. 1. Acid breakthrough on therapy with PPIb.i.d.; 24-h intragastric
pH profile. PPI is taken before dinner and before breakfast. At about 1:00
AM the intragastric pH drops, 4 (arrow) and remains below that level
for . 4 h.
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acid inhibition at night was a consequence of decreased
efficacy of the morning dose. If this were the case, twice-
daily dosing should provide more acid suppression at night.
Based on the present study, in which we evaluated the
nighttime efficacy of PPI givenb.i.d., this is not the case. All
three groups studied had less acid suppression at night
(Fig. 2).

The limitations of nocturnal acid suppression while tak-
ing PPI became apparent when Klinkenberg-Knol and Meu-
wissen reported a 10-h median duration of action of ome-
prazole (10). She analyzed 29 intragastric pH studies from
19 GERD patients treated with an average daily dose of 38
mg of omeprazole (range 20–80 mg). The majority of these
patients were treated with a morning dose. Because 20 mg
of omeprazole givenb.i.d. has been shown to provide
greater 24-h acid suppression than 40 mgq.d. (7), one might
expect the duration of nocturnal acid control to be longer on
20 mg b.i.d. We found that acid breakthrough occurred
earlier than expected during the night, 7.5 h after the
evening dose, indicating that acid suppression with PPI is
less at night. This is supported by a study by Chivertonet al.
in which 20 mg of omeprazole given in the evening in-
creased the pH to. 3 for 9.2 h, compared to 13.8 h when
the same dose was given in the morning (11).

Our finding can potentially be explained by the methods
used to assess acid secretion, factors related to PPI and
nonPPI-related factors.

Assessment of acid secretion

Day- and nighttime acidity are different when the per-
centages of time of pH, 3 or 4 are compared, not when
median pHs are compared. The latter indicate good acid
suppression during both day and night, with no value, 5.
We believe that median pH is limited from a clinical per-
spective. It can mask periods of low pH if they are coun-
terbalanced by periods of acid control. An increase of in-
tragastric pH from 4 to 6 is most likely clinically negligible,
but in the calculation of median pH it is the same as a drop
from pH 4 to 2, which reflects a change from an innocuous
to a potentially injurious refluxate (12).

Factors related to PPIs

Nocturnal acid breakthrough on PPIb.i.d. raises the sus-
picion that an evening dose is less effective than a morning
dose. Eight studies have compared AMversusPM dosing
on 24-h acid secretion (2, 7, 11, 13–17). Five studies were
done with omeprazole, three with lansoprazole. Subjects
were treated with PPI for at least 5 days in all studies. The
morning dose was superior in four studies. In the remaining
four studies, morning and evening dose were equal. Among
three studies in which absorption was measured, two
showed no association between greater efficacy of the
morning dose and absorption, and in one there was an
association between the two (2, 11, 14).

The efficacy of PPI depends not only on degree of ab-
sorption but potentially on absorption kinetics. Because PPI
only inhibit actively secreting acid pumps, and because they
are present in the plasma only for a relatively short period,
peaking in 2–4 h (14, 18–20), the fraction of secreting
pumps during that time theoretically determines the efficacy
of PPI. If breakfast induced more acid secretion than dinner,
putting more pumps in a PPI-susceptible state, this would
explain the higher efficacy of a morning dose. However,
because dinner is usually the larger meal one would, based
on this mechanism, expect the evening dose to perform
better. There is also considerable variability in the velocity
of absorption, which could potentially bear on the efficacy
of PPI (14, 21). A late peak in an evening dose could meet
mainly nonsecreting pumps, whereas a late peak in a morn-
ing dose has chances to encounter pumps activated by a
snack or lunch.

TABLE 1
Demographic Data and Treatment Regimens of Study Participants

Group Subjects Regimen Mean Age (range) Men/Women

1 Refractory GERD Omeprazole 20 mgb.i.d. 46 yr* (23–67 yr) 10/7
2 Normal volunteers Omeprazole 20 mgb.i.d. 25 yr (20–30 yr) 16/0†

3 Normal volunteers Lansoprozole 30 mgb.i.d. 33 yr (21–61 yr) 4/8

* p , 0.01versusGroups 2 and 3.
† p , 0.01versusGroups 1 and 3.

FIG. 2. Mean (6 SE) percentage of time with intragastric pH, 4 in
upright versussupine position for Groups 1 to 3. Asterisks indicate sig-
nificance (p , 0.01).
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NonPPI-related factors

Acid breakthrough could be explained by the absence of
the buffering effect of meals after midnight, though the net
effect of food on gastric acidity is difficult to estimate. The
pattern of gastric acid secretionper seis, however, able to
explain higher acidity at night. Gastric acid secretion fol-
lows a circadian profile, characterized by an increase in the
evening, with a peak at about midnight (22, 23). The stim-
ulus for physiological gastric acid secretion at night is not
clear, though the absence of cephalic, gastric, and intestinal
stimuli of acid secretion (vagally mediated) at night sug-
gests that histamine plays a major role in nocturnal acid
secretion. Two observations support this hypothesis. First,
basal acid secretion can be reduced with H2 antagonists
(24). Second, gastrin secretion has no circadian pattern,
suggesting it is not responsible for the nocturnal peak of acid
secretion (25).

We did not assess whether nocturnal acid breakthrough is
associated with esophageal acid exposure. however, it is
conceivable this could occur in patients in whom tight acid

control seems indicated, including GERD patients with dif-
ficult-to-treat symptoms, patients who suffer from extrae-
sophageal manifestations of GERD, and patients with Bar-
rett’s esophagus. This may be important for healing reflux
esophagitis and the tight acid suppression desirable in pa-
tients with Barrett’s esophagus (26, 27). Whatever the
mechanism, it can potentially also stimulate acid secretion
in patients on PPI by recruiting previously inactive and
therefore noninhibited acid pumps at a time when PPI have
disappeared from the plasma.

In summary, we have shown that nocturnal acid break-
through occurs in the majority of patients with GERD as
well as in controls taking PPIb.i.d. The mechanism of this
observation is unclear. A decreased efficacy of the evening
dose due to food-related factors, in conjunction with the
normal pattern of increased acid secretion at night, seems
the most plausible explanation. Our results indicate that one
cannot assume adequate nocturnal acid suppression with
moderate doses of PPI given twice daily. In patients where
tight acid control is desired additional medical therapy may
be required.

Reprint requests and correspondence: Philip O. Katz, M.D., Department
of Medicine, Suite 501, Pepper Pavilion, Allegheny University Hospital,
Graduate, 1800 Lombard Street, Suite 501 Pepper Pavilion, Philadelphia,
PA 19146.
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