Acid suppression in duodenal ulcer: a meta-analysis to
define optimal dosing with antisecretory drugs
D B JONES, C W HOWDEN, D W BURGET, G D KERR, AND R H HUNT
From the Division of Gastroenterology and Intestinal Disease Research Unit, McMaster University, Hamilton,
Ontario, Canada, and Royal Shrewsbury Hospital, Shrewsbury

Many different dosage schedules of antisecretory drugs for the treatment of duodenal
ulcer are recommended. The relationship between degree of acid suppression and therapeutic
efficacy has not been precisely defined for these drugs. We have examined the association between
suppression of intragastric acidity and duodenal ulcer healing rates for a number of therapeutic
regimens. For the H2 receptor antagonists alone, the most significant correlation with healing rates
was with suppression of intragastric acidity at night (r=0-926; p=0-0001). When other classes of
drug: high dose antacid, omeprazole and a synthetic prostaglandin (enprostil) were included in the
analysis, the closest correlation was with suppression of total 24 hour intragastric acidity (r=0.91 1;
p<00001). Stepwise linear regression analysis was used to investigate the relative contributions to
healing of suppression of acidity during the day and night. Suppression of nocturnal acidity was
found to be the single most important factor in explaining healing rates. No further benefit was
obtained with daytime suppression for H2 receptor antagonists; suppression of acidity at night
accounted for 86* 1 % of the observed variation in healing rates among different regimens of H2
receptor antagonists. When all classes of drugs were analysed, inclusion of daytime suppression
produced a significant improvement in correlation over nocturnal suppression alone. Drug
regimens providing potent suppression of nocturnal acidity produce the highest healing rates in
controlled clinical trials. The healing rate for any dose regimen of an antisecretory drug can be
predicted from a knowledge of its effect on intragastric acidity. For the H2 receptor antagonists,
suppression of nocturnal acidity is the most relevant in this context. Moderate suppression of
acidity achieves ulcer healing rates at four to eight weeks which are comparable with those seen
with potent suppression at two to four weeks. Increasing degrees of suppression merely accelerate
healing.
SUMMARY

Dosage schedules for antisecretory drugs in the
treatment of duodenal ulcer have largely been based
on pharmacokinetics. The plasma concentration of a
drug which produces a 50% reduction in submaximally stimulated gastric acid secretion, is calculated
(the IC50), and the drug administered in an attempt
to maintain the plasma concentration above the IC50
for a substantial portion of the 24 hour period. The
basic tenet of this thesis is that the pharmacokinetic
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behaviour of any drug correlates with its antisecretory effect. While this may be true for some
drugs such as cimetidine,' it is not so for ranitidine2 or
omeprazole .
Initial dosage regimens of H2 receptor antagonists
were designed to suppress gastric acid secretion to as
great a degree and for as much of the 24 hour period
as possible. More recently, attention has focused on
the simplification of dosage recommendations, and
on the suppression of acidity at night.4 There are a
number of reasons for targetting the pharmacological
effect to the night. Although patients with duodenal
ulcer secrete more acid throughout the 24 hour
120
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period' they often show high levels of acid secretion
at night.' This represents a prolonged period of
basal acid secretion which is unbuffered as no food is
consumed. Experience with the H2 receptor antagonists shows that it is easier to inhibit basal secretion
than stimulated secretion as occurs during the daytime period.' Nocturnal maintenance treatment with
H2 receptor antagonists is effective in preventing
duodenal ulcer relapse.'"" Suppression of nocturnal
acid secretion has been considered to be the single
most important factor in duodenal ulcer healing.'
Patients who show a poor clinical response to conventional doses of H2 receptor antagonists show a
reduced suppression of intragastric acidity at
night.'3 '" Taken together these observations
suggested that H2 receptor antagonists given in full
dose at night might be an effective primary treatment
for duodenal ulcer.4
In selecting the optimal dose schedule of an
antisecretory drug for duodenal ulcer, studies have
usually been undertaken to examine the effect of the
drug on 24 hour, and particularly on nocturnal
intragastric acidity. This approach has now become
widely accepted in the evaluation of any new antisecretory agent. The present study has attempted to
appraise critically the effects of different dose
schedules of available antisecretory agents on 24
hour and nocturnal intragastric acidity and nocturnal
acid secretion in relation to duodenal ulcer healing to
determine the optimal dose regimens from those
studied to date.
Methods
PATIENTS
In order to

explore the relationship between the
suppression of gastric acid secretion and the healing
of duodenal ulcer the principles of meta-analysis to
correlation have been applied.`' This method permits
the investigator to assess the significance of any
relationship or trend from pooled data that might not
be evident in any of the many smaller studies
reported. Using this approach, we sought and
reviewed all published studies of the clinical pharmacology of antisecretory drugs on 24 hour gastric
secretion from the literature with a computer assisted
Medline search. All those using aspiration techniques, and meeting the criteria described below,
were included.4 ""' In such studies, measurements
of intragastric pH taken hourly over a 24 hour period
allow hydrogen ion activity, or acidity, to be derived.
In these studies, special attention has traditionally
been paid to acid secretion during the night. As
subjects do not eat over this time, the entire gastric
secretion can be collected by continuous aspiration.
Hourly volume and titratable acidity are measured
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and acid output is calculated as the product of these
two factors.
In order to pool data certain rules have been
established by Goldman and Feinstein"" and have
been used in all studies cited here. All had been
undertaken in duodenal ulcer patients, all of whom
were in remission, not taking treatment except under
the conditions of study, and all studies measured pH
(which was then converted to H' activity), with the
exception of one which measured titrateable acidity.
The single criterion that was not met fully, involved the use of percentage reduction of acidity and
nocturnal acid output because the raw data were not
given in most papers. For the index of antisecretory
effect of a drug we have therefore taken the percentage suppression of mean 24 hour or nocturnal intragastric acidity or nocturnal acid output with secretion
on placebo given to represent 1000%. Because: (1) no
studies reported either 1000% or 0('% reductions;
(2) the range of secretion and suppression in these
studies, was similar (normal subjects and ZollingerEllison patients were not included); and (3) these
pharmacological studies all had similar, small sample
sizes, reducing the possibility of weighting larger
studies, a significant error from pooling percentages
is not likely.
In addition to fulfilling the criteria of Goldman and
Feinstein all studies were placebo controlled, and
with the exception of four'4 '"'" were done in a
randomised manner, while 10 were either single or
double blind. Most studies of 24 hour gastric acidity
have not routinely reported reduction of intragastric
acidity during the daytime period. Where both 24
hour and nocturnal data were available, we have
derived a new variable which defines the degree of

daytime suppression:
Acid suppression (day)=
(18x24 hour suppression)- (8x nocturnal suppression)
10
This is derived as follows: during the 24 hour
period, three meals are consumed. For the two hours
after each meal, contamination of gastric secretion
with food may result in spurious pH recordings.
These six hours are therefore ignored. There are 18
hours remaining for which data are available. The
value reported for suppression of 24 hour intragastric
acidity is therefore given a weighting factor of 18. The
nocturnal period in most studies has covered eight
hours, so the degree of suppression of nocturnal
acidity is given a weighting of 8. The difference
between these two values is then divided by the
remaining 10 hours to give the (apparent) mean
reduction of daytime intragastric acidity.
For each dose schedule for which we have anti-
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secretory data, the corresponding healing rate for
duodenal ulcer was also derived. This involved an
additional review of published clinical trials. Of
these, 141 were considered suitable for inclusion
being double blinded, randomised and endoscopically controlled. There was a total of 11 578 patient
evaluations including 9469 patient evaluations in 103
trials of H2 receptor antagonists. Most data were
obtained from clinical trials lasting four weeks.
Different trials of the same dosage schedule were
combined to obtain composite healing rates. From
each trial, the total number of patients assigned to
any specific treatment or to placebo was calculated.
In addition, the total number of patients with ulcer
healing at two, four, six and eight weeks was
calculated as an overall percentage healing rate for
that treatment. This effectively provides a weighted
mean and is more accurate than simply obtaining the
crude mean percentage healing rate from all studies,
since trials with low patient numbers might have
resulted in spuriously high or low healing rates.
For each treatment studied, we have different
measurements of pharmacological effect in terms of
suppression of acid secretion, and a corresponding
measurement of therapeutic effect in terms of ulcer
healing. In order to examine for any relationship
between the two, we first sought to establish whether
a correlation existed. Standard linear regression
techniques,32 with the antisecretory effect as the
independent variable, were used to further investigate the nature of the relationship. In order to
establish the relative importance of suppression of
acidity by day and night to overall healing rates,
stepwise linear regression analysis33 was carried out
to examine these two factors independently.

Table 1 Four week healing rates and percentage
suppression of24 hour, nocturnal and daytime acidity
produced by various dose regimens of antisecretory drugs,
ordered by healing rate.
Drug and
dose

Healing
rate at
4 weeks

100I()
Omeprazole
60 mg mane
Omeprazole
98.4
40 mg mane
Omeprazole
95-5
20 mg mane
Omeprazole
92-8
30 mg mane
Ranitidine
84-1
3() mg nocte
Famotidine
82-4
40 mg nocte
Cimetidine
80(2
800 mg nocte
Cimetidine
80X0
600 mg bd
Ranitidine
79-0
150 mg bd
76 0
Oxmetidine
400mgbd
Ranitidine
75 5
150 mg nocte
Cimetidine
74.2
3()) mg qid
Cimetidine
73*7
20() mg tid
+40() mg nocte
Cimetidine
72 1
400 mg bd
69.8
Enprostil
35 ig bd
Antacid
67 2
1000 mmol
60 6
Cimetidine
200mgqid

Suppression Suppression Suppression
of24 hour of nocturnal ofdaytime
acidity (%) acidity (Oo) acidity (On)
96

99

94

98

99

97

9(

88

92

96

92

99

68

90

50

64

95

39

48

79

23

67

71

64

68

70

66

38

58

22

45

76

2(0

65

68

63

56

72

43

37

54

23

34

6(0

13

50

31

65

40)

24

53

Results

Table 1 shows the ulcer healing rates at four weeks
together with data on suppression of 24 hour,
nocturnal and daytime acidity for individual dose
regimens of the antisecretory drugs studied. These
have been ranked according to healing rates. The
greatest degree of suppression of acidity occurs with
omeprazole followed by nocturnal doses of the H2
receptor antagonists cimetidine 800 mg, famotidine
40 mg, and ranitidine 300 mg.
Included in Table 1 are 11 dose regimens of four
different H2 receptor antagonists. Only cimetidine
and ranitidine are currently in general use, oxmetidine having been withdrawn from further investigation because of hepatotoxicity, and famotidine
currently available only in a few countries. Taking
the data for the H2 receptor antagonist regimens
alone, there was a significant correlation between
suppression of 24 hour acidity and ulcer healing rates

at four weeks (r=0-68; n=11; p=0402). There was a
highly significant correlation between suppression of
nocturnal acidity and ulcer healing at four weeks
(r=0.926; n=11; p=0-0001). By comparison, there
was a poor correlation between ulcer healing and
suppression of daytime acidity (r=0-02; n=11;
p=0-96) or nocturnal acid output (r=0.17; n=7;

p=0-71).
In order to test the validity of our formula for the
calculation of daytime acidity, we applied it to three
papers for which suppression of acid for the daytime
period was clearly reported.'9326 For the 11 drug
doses studied in these papers covering a wide range
of acid suppression, not all were used in our metaanalysis, the deviation of our formula from the
actual suppression varied from -2-2% to +0 8%
(mean deviation 2.3%).
Figure 1 shows the relationship between suppres-
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Fig. 1 Regression line and 95% confidence limits between
suppression ofacidity (%) and healing rate (%) at four weeks
for 11 dose regimens of H2 receptor antagonists, (Fig. 1) and
all drugs (Fig. 2). Key to symbols: Closed circles (@)
represent data pointsfor H, antagonists: a = cimetidine 200
mg qid; b =cimetidine 400 mg bd; c=oxmetidine 400 mg bd;
d= cimetidine 300mg qid; e =ranitidine 150mg bd;
f= cimetidine 600 mg bd; g=cimetidine 1 glday (=200 mg
tid+400 mg nocte); h =ranitidine 150 mg nocte; j= cimetidine
800 mg nocte; k = ranitidine 300 mg nocte; m =famotidine 40
mg nocte. Open squares (LO): I = omeprazole 20 mg mane;
2 = omeprazole 30 mg mane; 3 = omeprazole 40 mg mane;
4= omeprazole 60 mg mane. Open triangle (A ) = enprostil
35 ug bd; Open diamond (K?) =antacid 1000 mmollday;
Open circle (0)-=placebo.
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Fig. 2 (See legendfor Fig. 1).

hour intragastric acidity and four week healing rates
for the same 11 dose regimens of H2 receptor
antagonists.
In view of the better correlation between healing
and suppression of nocturnal rather than 24 hour
acidity for the H2 receptor antagonists, stepwise
linear regression analysis was performed to examine
the relative importance of suppression of nocturnal
and daytime acidity to overall healing rates. These
results are presented in Table 2. There is a significant
(p=0.0004) association between suppression of
sion of nocturnal acidity and duodenal ulcer healing acidity at night and ulcer healing. This is responsible
rates at four weeks for the 11 dose regimens of H2 for 86 1 % of observed variation in healing rates
receptor antagonists listed above, and excluding (R=0 861). When suppression of acidity by day is
placebo. The slope of this line is 0 310 (95% con- stepped into the analysis, there is no significant
fidence limits 0*215, 0.406), with an intercept on the association with healing (p=0 67), and suppression
Y-axis of 54-8 (95% confidence limits 48-0, 61.6). of daytime acidity only contributes a further 033% to
Point 'a' on Figure 1, which corresponds to cimeti- the observed variation in healing rates.
In Figure 2, the relationship between suppression
dine 200 mg qid, appears to be separate from the
majority of the data points for the other dosage of 24 hour acidity and healing rates at four weeks is
regimens. If this point were to be excluded from the shown for all drugs studied. In addition to the 11 dose
analysis, however, there would still be a highly regimens of the H2 receptor antagonists, this also
significant correlation (r=0-80; n=10; p=0 0054), includes enprostil, a synthetic prostaglandin E2
and neither the slope nor the intercept of the line analogue, in the dose of 35 p.g bd, antacid, 1000
would change significantly. The insert in Figure 1 mmol buffering capacity per day, and four doses of
shows the relationship between suppression of 24 omeprazole (20, 30, 40, and 60 mg per day). Between
Table 2 Results ofstepwise linear regression analysis for
suppression of acidity by night and dayfor the 11 dose
regimens of H. receptor antagonists
Step n

Variable

1
2

Acidity, night 0(309 (0-042)
Acidity, day 0-02() (0-045)

Beta

(SE)

Table 3 Results of stepwise linear regression analysis for
suppression ofacidity by night and dayfor all antisecretory
drugs

p

Inlcrease in R'

Step no

Variable

0-0004
0-67

86- 1%

1
2

Acidity, night 0)449 (0-061)
Acidity, day 0(1513 (0-033)

0(3%

Beta

(SE)

p

lItnrease in R2

<00-01 78-2%
0-006 12.6°/,
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represents

of 24 hour acidity and healing rates at
four weeks there is a highly significant correlation
(r=0.911; n=18; p<00001). The slope of the line is
0 456 (95% confidence limits 0-352, 0-560), with an
intercept on the Y-axis of 52 2 (95% confidence limits
45-4, 59.0). The insert in Figure 2 shows the relationship between suppression of nocturnal acidity and
four week healing rates for all drugs studied.
Although there is still a highly significant correlation
(r=0.88; n=18; p<00005), this is not as strong as
that seen with suppression of total 24 hour acidity,
the converse of the situation observed above for the
H2 receptor antagonists alone.
When stepwise regression analysis techniques
were applied to the data for all drugs (Table 3), there
was a significantly increased overall correlation by
including suppression of daytime acidity in the
analysis.
In Table 4, the duodenal ulcer healing rates at two,
four, six and eight weeks are shown for all regimens
studied. The suppression of nocturnal acidity is also
given for each regimen. Ulcer healing rates after
eight weeks' treatment with large night time doses of
H2 receptor antagonists are comparable to those seen
with omeprazole at four weeks. Figure 3 shows the
relationship between suppression of nocturnal
acidity and duodenal ulcer healing rates after two,
four, and eight weeks' treatment all classes of
antisecretory drugs. It can be appreciated that the
nature of the relationship differs at each of these
timepoints, emphasising the important influence that
duration of treatment has on any relationship
between acid suppression and duodenal ulcer
healing.
suppression

Discussion
This paper shows for the first time that there is a clear
relationship between acid supression and the rate of
duodenal ulcer healing. The methods which we have

used to explore this relationship provide us with
important information about those antisecretory
drugs which are currently available for ulcer therapy
and the optimal dosing of those doses so far investigated. The meta-analysis technique cannot be used,
however, to determine precisely the optimal degree
or duration of acid supression. Nevertheless it is clear
that a similar analysis of the raw data from a large
number of clinical pharmacological studies of acid
suppression would probably provide information on
a threshold for ulcer healing. A threshold secretion
rate of 12 mmol/h for MAO to 15 mmol/h for PAO
has been proposed by Baron4 from studies of stimulated acid secretion and this is widely used as a target
in the treatment of patients with Zollinger-Ellison
syndrome.
The validity of our methods of calculation of
suppression of daytime acidity clearly was confirmed
from applying this to those papers which measured
daytime acidity'9 'n The results show that we are
within less than 2*5% of the observed.
Analysis of data for the H2 receptor antagonists
alone demonstrates a highly significant relationship
between four week healing rates for duodenal ulcer
and reduction of nocturnal acidity. Furthermore,
stepwise linear regression confirms that suppression
of nocturnal acidity, with this class of drugs, is
primarily responsible for the significant correlation
between suppression of 24 hour acidity and four week
healing rates. The importance of suppressing
nocturnal acidity to achieve maximal healing rates for
duodenal ulcer with H2 receptor antagonists is shown
in Table 1. With the exception of omeprazole,
maximal healing rates of duodenal ulcer after four
weeks treatment are achieved with nocturnal doses of
H2 receptor antagonists.
The relationship between suppression of 24 hour
and nocturnal acidity and ulcer healing at four weeks
is linear in the range of suppression produced by H2
receptor antagonists (60 to 95%). The extrapolation
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Table 4 Healing rates forduodenal ulcer after two, four, six, and eight weeks oftreatment and percentage reduction in
nocturnal intragastric acidity produced by various dose regimens of alntisecretoVry drlugs

Drug

Dose

Omeprazolc
Omeprazolc
Omeprazolc
Cimctidinc

Omcprazolc
Ranitidine
Ranitidine
Cimetidinc

Omeprazolc

60 mgmanc
60 mgmanc
40 mg manc

99
99
99

8(N)mgnoctc
20(mgmanc
3(X)mgnoctc
IS50mgbd
400(mgbd

79
88
90
70
54
92
72
68
7(1
9()
95
68
79
71
54

3(1 mg manc

g/day*
300(mgqid

Cimetidine
Cimctidinc
Ranitidinc
Ranitidinc
Famotidinc
Cimetidinc
Cimctidinc

I

50 mg bd

300(mgnoctc
40(mgnoctc
300(mgqid
800 mg noctc
600 mgbd
4( mg hd

Cimetidine
Cimetidine

Ranitidinc

Suippressiotn of
nocturtnal (aciditY
(CY4)

I

Omeprazole

50)mgbd

7(0

31) mg manc

92
58
76
72
68
72
54
88

Oxmctidinc

4(N)mgbd

Ranitidine
Cimetidinc

l50 mgnoctc
I g/day*
300(mgqid

Cimctidinc
Cimetidinc
Cimetidinc

g/day*

400(mgbd
20(mgmanc

Omeprazolc
Enprostil
Antacids

Cimetidinc
Ranitidinc
Famotidine
Cimetidine
Oxmctidinc

Enprostil

I

35 ug bd

6(1

lOOOmmol

31
24

2()0mgqid

5S(mghd

40 mg noctc

300(mgqid
4(H) mgbd

35ugbd

7(0
95
68
58

6(0

Placebo

Platcebo
Placcbo
Platcebo

D)uration of
treatmnenit (wk)
4
2
4
8
4
8
8
8
4
8
8
6
4
4
6
4
4
6
4
2
4
4
6
4
4
4
2
4
4
4
2
2
2
2
2
8
6
4
2

Patients

Healitig rate (UY%%)
100()
1(0(0
98X4
96-0

95S5
951)
93(0
92 9

92-8
91 5

90(4
85.9
84 1
82-4

81X3
80-2

80X0
79-3
791)
77-8

7611
75.5
74-8
74-2
73.7
72 1

7(07
698
67.2

60(6
59 5

51%9
39-8
333

210(
47-8

38(
42-0
21 5

Trials (ni) (
2

16
126
251
177
172
142
546
154
520
114
78
132
21(0
123
692

5
1
4
1
5
3
4
9
3
4
2
3
6
5
1

51
2

27
1
2
17
9
36
6
2
2
2
3
3
2
3
1
1
3
1(
32
6

27

82
1556
36
75
49
484
322
19(9
728
133
53
61
71
185
154
88
117
39
9()
229

129(0
279

*Clmetidine I g/day=cimctidinc 2((0 mg tid+4(0(0 mg noctc.
of this relationship to either extreme of acid
suppression - namely, 0% or 100%, is unlikely to
hold, because the predicted placebo healing rate (yintercept) of 55% is above that seen in clinical trials at
42% (Table 4). The regression line does not predict
1000% ulcer healing at four weeks even with total
suppression of acidity which is virtually achieved by
omeprazole. The true relationship may therefore be
a flat sigmoid curve, although with the paucity of data
at low extremes of acid suppression, this relationship
is difficult to prove and a flat sigmoid curve is virtually
unknown in biology.
When the data for antacids, a prostaglandin, and
omeprazole are included in the analysis with H2
receptor antagonists, the ulcer healing at four weeks
is better correlated with suppression of 24 hour than

with nocturnal acidity. Compared with the data for
H2 receptor antagonists alone, where suppression of
daytime acidity contributes a negligible amount to
suppression of 24 hour acidity (Table 2), the contribution of suppression of daytime acidity to suppression of 24 hour acidity by all classes of drugs when
analysed together becomes significant (Table 3). This
suggests that for some classes of drugs, suppression of
daytime acidity might be an additional advantage.
Although doubling the dose of cimetidine from 200
mg qid to 400 mg qid was not associated with a
significantly greater degree of daytime suppression,"
larger doses of H2 receptor antagonists given during
the daytime have not been investigated in clinical
trials although cimetidine 600 mg qid (Table 1) gives
healing rates at four weeks which is similar to
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cimetidine 800 mg nocte (30% smaller total daily
dose).
The relative contribution of daytime versus night
time suppression of acidity for omeprazole is more
difficult to evaluate as this drug has a prolonged
duration of action over the 24 hour period after once
daily administration, whether taken in the morning
or in the evening.3
Although potent suppression of either 24 hour or
nocturnal acidity leads to healing of duodenal ulcer,
the data in Table 4 and Figure 3, emphasise the
arbitrary nature of the time points chosen in clinical
trials and the importance of duration of treatment to
ulcer healing. For example, omeprazole 60 mg
achieves 100% healing of duodenal ulcer after four
weeks' treatment, an effect approached by nocturnal
doses of H2 receptor antagonists after eight weeks
when cimetidine 800 mg nocte and ranitidine 300 mg
nocte show healing rates of 96% and 95% respectively.
It is not apparent in clinical practice whether rapid
healing with short term potent suppression of acid
secretion differs from longer term more moderate
suppression. The natural history of duodenal ulcer
dose not appear to be altered and the truly refractory
ulcer is rare.3
This analysis has demonstrated a clear relationship
between the pharmacological effect of various doses
of antisecretory drugs and therapeutic efficacy in the
treatment of duodenal ulcer. The importance of
clinical pharmacological studies of 24 hour and
nocturnal intragastric acidity in predicting healing
rates for duodenal ulcer has been clearly established
and confirmed. Such studies are not dependent on
the relationship between pharmacokinetics and antisecretory effect, as they use data which relate only to
pharmacodynamics. Results of these studies argue
for a more rational choice of dose and frequency of
administration. A knowledge of the ability of an
antisecretory drug to suppress 24 hour, and particularly, nocturnal acidity enables an accurate prediction of efficacy in duodenal ulcer.
We are grateful to Dr David L Sackett and Professor
Robin S Roberts of the Department of Clinical
Epidemiology and Biostatistics of McMaster
University for their advice and assistance with
statistical methods, and to Dr Janet Elashoff
of CURE, Los Angeles, for her advice on the
manuscript.
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