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Abstract

Background Proton pump inhibitor (PPI) use has increased over the last decades and has been associated with multiple
adverse events and potentially even overall survival.

Aims We aimed to investigate the association between proton pump inhibitor maintenance use and all-cause and cause-
specific mortality, addressing confounding by indication and duration of use.

Methods This Swedish population-based cohort study included all adult (N=935,236) PPI and histamine-2 receptor antago-
nist maintenance users (> 180 days use) during 2005-2014. Standardised mortality ratios (SMRs) and 95% confidence
intervals were calculated for all-cause and cause-specific mortality comparing the risk among PPI/H2RA users to that of the
Swedish background population, stratified by age, sex, calendar period, indication and duration of use. Multivariable Pois-
son regression models were used to compare PPI use to H2RA use, expressed as incidence rate ratios and 95% confidence
intervals.

Results PPI and histamine-2 receptor antagonist use were associated with an increased risk of all-cause mortality
(SMR =1.35; 1.34-1.36; SMR =1.31; 1.27-1.36, respectively). The highest SMRs were found in the youngest age groups.
In direct comparison, PPI use showed a higher mortality risk than histamine-2 receptor antagonist use (incidence rate
ratios =1.42; 1.38-1.46). PPIs were related to increased cancer (SMR=1.21; 1.20-1.22), and cardiovascular mortality
(SMR =1.36; 1.35-1.37). Increased SMRs were observed for most indications. Longer duration of use was associated with
a higher mortality among PPI users but not among histamine-2 receptor antagonist users.

Conclusion Maintenance PPI use was associated with an increased risk of all-cause and cause-specific mortality, and the
risk increased with prolonged duration.
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Introduction

Proton Pump Inhibitors (PPIs) are one of the most fre-
quently prescribed drugs worldwide used by up to 30%
of adults [1-7]. They are commonly prescribed for the
suppression of gastric acid production in the management
of gastrointestinal acid-related disorders which include
gastroesophageal reflux disease, peptic ulcer disease,
and dyspepsia [1, 2, 5, 8]. They are available over the
counter in many countries, including Sweden. Swedish
clinical guidelines recommend short-term treatment for
8—12 weeks for most indications [1, 6]. Yet they can also
be used as maintenance treatment for symptom control
in individuals with chronic conditions such as refractory
reflux disease (persistent symptoms), hypersecretory dis-
orders (e.g. Barrett oesophagus, Zollinger—Ellison syn-
drome) and for gastroprotection among aspirin or other
nonsteroidal anti-inflammatory drug (NSAIDs) users [5,
8-12].

The maintenance use of PPIs has increased remarkably
during recent years, and some studies estimate long-term
acid suppression accounts for up to 50-66% of the total
use [9, 10]. Worrisomely, a significant proportion of PPI
users lack a clear indication for the treatment, and inap-
propriate prescriptions are observed in 25-70% of cases
[1, 2, 10, 13, 14]. Evidence suggests that PPIs are rarely
de-prescribed, sometimes continued for long-time periods
without proper reassessment resulting in an increase in
long-term users over the years [1, 8, 15, 16].

Concern over the safety of long-term use of PPIs has
grown, due to the observed associations between PPI use
and serious adverse events such as chronic kidney disease,
cardiovascular disease, and cancers of the gastrointestinal
tract, some of which are also associated with an increased
risk of mortality [4, 17-23]. Furthermore, some recent stud-
ies describe increased all-cause and cause-specific mortality
in PPI users [3, 17, 22, 23]. Two large observational stud-
ies from the US (Department of Veteran affairs-VA study)
reported 17-25% increased mortality risk among PPI users
compared to Histamine-2 receptor antagonists (H2RAs)
users [3, 22, 24], while a UK study also found an association
between PPI use and all-cause and cause-specific mortality
[23]. However, these studies were limited by residual con-
founding, confounding by indication, and limited generalis-
ability [3, 4, 22-25]. In contrast, a recent 3-year randomised
controlled trial did not confirm the findings in the above
studies, yet it had limited power [24, 26]. Data from large,
nationwide population-based studies that span a reasonably
long duration of follow-up on PPI use associated mortality
are scarce, and the association remains understudied.

We, therefore, sought to examine the associa-
tion between PPI maintenance use and all-cause and

cause-specific mortality in a Swedish population-based
cohort previously used to assess the association with vari-
ous cancer types.

Methods
Study Design

The study cohort included all adult (> 20 years) individu-
als who received prescribed maintenance treatment of PPIs
or H2RAs between July 1, 2005 (start of Prescribed Drug
Registry), and December 31, 2014, in Sweden. The source
cohort is described in detail elsewhere [8, 25, 27, 28]. The
index date was the first dispensed prescription date of a
PPI (or H2RA), and participants were followed up until the
occurrence of death or the end of study, whichever occurred
first. The data were linked by the National Board of Health
and Welfare using the unique Swedish personal identity
number assigned to all Swedish residents. The study was
approved by the Stockholm Regional Ethical Review Board
(2014/1291-31/4), without the need for informed consent
due to the registry-based nature of the study.

Exposure

Maintenance use of PPIs (or H2RAs) was defined
as > 180 days of accumulated use during the study period
identified from the Prescribed Drug Registry (outpatient care
drug use based on ATC codes, from July 2005), based on
the Anatomical Therapeutic Chemical classification (ATC)
system codes (PPIs: AO2BC; H2RAs: AO2BA). H2RAs were
assessed as active comparator, because of the similar indica-
tions as PPIs. The total cumulative dosage was estimated by
accumulating the Defined Daily Dosage (DDD) per package
(DDDp), which considers the potency and prescribed quanti-
ties of the drug. The DDD estimates the assumed average
maintenance dose per day for a drug used for its main indica-
tion in adults [29].

The participants were divided into two exposure groups
(mutually exclusive): (1) PPI users (> 180 days PPI use
and < 180 days H2RA use); (2) H2RA users (> 180 days
H2RA use and < 180 days PPI use), serving as an active
comparator control. Participants who were classified as
maintenance users of both PPIs and H2RAs (> 180 days
use of both PPIs and H2RAs; N=30,042) were excluded
from the study. To avoid reverse causation (confounding
by pre-existing disease/protopathic bias) and ensure the
temporal direction between drug use and diseases that lead
to mortality, participants who died within a year after first
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Fig. 1 Flowchart of the cohort selection

exposure (n=41,804), were excluded from the study as
shown in Fig. 1. Additionally, we applied a lag time of
365 days from first dispensed prescription date to ensure
exposure as per our definition.

Outcome

All-cause and cause-specific (cancer, cardiovascular and
all-other causes of death) mortality were ascertained from
the Swedish Causes of Death Registry (for the observed
deaths), based on ICD-10 codes (Supplementary Table 1).
The cause-specific mortality groups were selected and
categorised based on the most common causes of death
in Sweden [30]. Subgroup analyses were performed for
gastrointestinal cancer (stomach; oesophageal; liver, gall-
bladder and bile ducts; colorectal; pancreatic and other
gastrointestinal) and non-gastrointestinal cancer deaths
separately. Information on the expected deaths and total
person-years in the background population was retrieved
from the National Board of Health and Welfare Death
Registry (applying ICD-10 codes) and Statistics Sweden,
respectively [31-34]. Data on cause-specific mortality
were not available for deaths occurring during 2014 (as
the data were retrieved early 2015).
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Covariates

Standardisation occurred by age at first prescription (cat-
egorised as 20-39, 40-49, 50-59, 60—69 and > 70 years),
sex and calendar period. Potential confounding by indica-
tion was evaluated through subgroup analyses for the most
common, non-exclusive indications for acid-suppressive
treatment based on the National Patient Registry (record-
ing all inpatient care since 1987 and specialised outpatient
care since 2001): gastroesophageal reflux disease; peptic
ulcers; gastroduodenitis; dyspepsia and Helicobacter pylori
infection/eradication (see Supplementary Table 1 for ICD-
10 codes). Maintenance use (> 180 days use) of aspirin and
nonsteroidal anti-inflammatory drugs (NSAIDs) were identi-
fied from the Prescribed Drug Registry. Less-common indi-
cations (recorded in < 5% of the study population), which
include Barrett oesophagus and Zollinger—Ellison syndrome,
were not assessed separately.

Statistical Analysis

Standardised mortality ratios (SMRs) with 95% confidence
intervals (CIs) for all-cause and cause-specific mortality
were considered as relative risks and calculated by dividing
the observed mortality in the exposed cohort by the expected
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mortality among the entire Swedish background population,
stratified by age at first prescription, sex and calendar period
(categorised as 2006-2008, 2009-2011 and 2012-2014)
[35]. Standardisation was performed according to Breslow
and Day"s method [35].

Claytons algorithm for exact allocation of person-years
was used to calculate follow-up time from first dispensed
prescription date (plus 365 days) until death or end of the
study period (December 2014 for all-cause mortality and
December 2013 for cause-specific mortality), whichever
occurred first. The chi-squared test for trend in SMRs was
used to test for a linear trend between age categories and the
SMRs (a=0.05).

Furthermore, we employed an active comparator design
to directly compare the mortality risks between PPI and
H2RA users, and additionally assess confounding by indi-
cation, using multivariable Poisson regression models,
adjusted for age, sex and the indications mentioned above.
Risk was presented as adjusted incidence rate ratios (aIRR)
with 95% confidence intervals. We performed Likelihood-
ratio tests to test each individual predictor variable in the full
multivariable model for significance.

The effect of treatment duration was assessed by evaluat-
ing the relative risk of death in relation to time since first
dispensed PPI (and H2RA) prescription (categorised as
1-2.9 years, 3—4.9 years, and > 5 years). All analyses were
performed using STATA 14.2 (StataCorp, Texas, USA) and
Microsoft Excel 14.4.0 (Microsoft Corporation).

Results
Participants

Overall, 935,236 maintenance users of acid suppression
drugs were included in this study (PPIs, N=916,823;
H2RAs, N=18,413; Table 1). There were more women
(58.5%) than men (41.5%) among PPI users. The PPI users
were on average younger than the H2RA users (59 years,
SD + 16.4; 62 years, SD + 16.2; respectively). Of those with
recorded indications (84.8%), the most common indications
were NSAIDs use (50.0%) and aspirin use (34.4%), for PPI
users; a similar distribution was observed for H2RA users
(NSAIDs use-50.2%; Aspirin use-32.8%). PPI users were
more likely to have multiple indications compared to H2RA
users.

Median duration of follow-up was 5.9 years (interquartile
range 2.9-8.0). Overall mortality was slightly lower among
PPI users (17.4%) in comparison to H2RA users (22.0%)
(»<0.001). Cardiovascular diseases were the most common
cause of death in both PPI (6.2%) and H2RA (9.3%) users.
Similar distributions were observed for cancer-related mor-
tality among the PPI (3.0%) and H2RA (3.0%) users.

Risk of All-Cause Mortality by Age and Sex (PPI
and H2RA Users)

Compared to the Swedish background population,
all-cause mortality was higher among PPI users,
(SMR =1.35; 95% CI 1.34-1.36, Table 2), with higher
SMRs observed in men (SMR =1.43;95% CI 1.41-1.44)
than women (SMR =1.30; 95% CI 1.29-1.31). All-
cause mortality was higher in the younger age groups
in PPI users and decreased with increasing age, with the
highest SMRs observed in the 20-39 years age group
(SMR =5.33;95% CI 5.00-5.67) (Table 2).

Similarly, for H2RA users, the SMRs were elevated
(SMR =1.31; 95% CI 1.27-1.36), yet, in contrast to PPI
users, the SMRs were higher in women (SMR =1.34; 95%
CI 1.29-1.39) than men (SMR=1.22; 95% CI 1.22-1.34).
Similar age patterns were seen in the H2RA users as
observed in the PPI users, with the highest SMRs in the
20-39 years age group (SMR=6.63; 95% CI 4.10-10.13).
The score for trend p values (p <0.001, chi-square test), were
statistically significant indicating a true age-dependency
effect in the PPI use and mortality risk relationship, with
higher SMRs among younger age groups.

Risk of All-Cause Mortality by Indication of Use

The SMRs for all-cause mortality were increased in both PPI
and H2RA users for all indication groups except H. pylori
infection/eradication (SMR =0.95; 95% CI 0.76-1.18), in
H2RA users. The highest SMRs for all-cause mortality
were observed among participants with peptic ulcer dis-
ease (PPI users SMR=1.98;95% CI 1.96-2.01; and H2RA
users SMR =2.05; 95% CI 1.87-2.25; Table 2). The SMR
for PPI users without recorded indications was elevated
(SMR=1.12;95% CI 1.10-1.14).

Risk of Cause-Specific Mortality in PPl Users

Increased mortality risks in PPI users were observed for car-
diovascular (SMR =1.36; 95% CI 1.35-1.37) and cancer-
specific mortality (SMR =1.21; 95% CI 1.20-1.22) (Fig. 2).
Cause-specific mortality risks also decreased with increas-
ing age, with the highest SMRs observed in the younger
age groups. Cause-specific results could not be calculated
for H2RA because of lack of power. The proportion of non-
gastrointestinal and gastrointestinal causes of death for all
groups is presented in Table 3; showing a larger propor-
tion of gastrointestinal deaths among PPI users compared
to the background population, both in men (38.9% versus
30.2%) and women (35.0% vs 30.8%). Elevated SMRs for
gastrointestinal (SMR =1.45, 95% CI 1.42-1.48) and non-
gastrointestinal cancer (SMR=1.11, 95% CI 1.09-1.13)
were observed in PPI users compared to the background
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Table 1 Descriptive

e Characteristic Total PPI users N (%) H2RA users N (%)
characteristics of all adults
(20 years or older) exposed to Total 935,236 (100) 916,823 (98.0) 18,413 (2.0)
maintenance acid suppression
treatment, by type of acid Sex
suppressant in Sweden during Men 388,135 (41.5) 380,721 (41.5) 7414 (40.3)
2005-2014 Women 547,101 (58.5) 536,102 (58.5) 10,999 (59.7)
Mean age, years (+ standard deviation) 59 (£16.4) 59 (£16.4) 62 (£16.2)
Age, years
20-39 122,020 (13.1) 120,219 (13.1) 1801 (9.8)
40-49 134,591 (14.4) 132,248 (14.40) 2343 (12.7)
50-59 195,933 (20.9) 192,285 (20.9) 3648 (19.8)
60-69 212,062 (22.70) 207,852 (22.7) 4210 (22.9)
>70 270,630 (28.9) 264,219 (28.8) 6411 (34.8)
Calendar period
2006-2008 632,365 (67.6) 312,633 (33.30) 4670 (25.20)
2009-2011 201,899 (21.6) 200,211 (21.40) 1688 (9.10)
2012-2014 100,972 (10.8) 120,907 (12.90) 932 (5.00)
Indications for use
Gastro-oesophageal reflux 221,999 (23.7) 220,239 (24.0) 1760 (9.6)
Barrett’s oesophagus 6496 (0.7) 6482 (0.7) 14 (0.1)
Zollinger—Ellison syndrome 32 (0.00) 32 (0.00) 0
Peptic ulcers 85,393 (9.1) 84,368 (9.2) 1025 (5.6)
Gastroduodenitis 116,745 (12.5) 115,594 (12.6) 1151 (6.3)
Dyspepsia 116,745 (12.5) 115,594 (12.6) 1151 (6.3)
Helicobacter pylori infection/eradication 69,052 (7.4) 68,532 (7.5) 520 (2.8)
NSAIDs use (> 180 days) 467,138 (50.0) 457,900 (50.0) 9238 (50.2)
Aspirin use (> 180 days) 322,339 (34.5) 316,297 (34.5) 6042 (32.8)
No recorded indication 142,346 (15.2) 138,773 (15.1) 3573 (19.4)
All-cause mortality (total) 163,476 (17.5) 159,422 (17.4) 4054 (22.0)
Cancer mortality 28,554 (3.1) 27,994 (3.1) 560 (3.0)
Cardiovascular mortality 58,101 (6.2) 56,381 (6.2) 1720 (9.3)
Other-cause mortality 54,454 (5.8) 52,989 (5.8) 1465 (7.9)
Total person-years (all-cause mortality) 4,976,763 4,862,437 114,326
Total person-years (cause specific, without 2014) 4,216,360 4,116,349 100,011
Follow-up time (all-cause), median (IQR), years 5.9 (2.9-8.0) 5.8 (2.9-8.0) 7.7 (4.2-8.3)

Data on cause-specific mortality not available for deaths occurring during 2014

PPI Proton pump inhibitor, H2RA histamine-2 receptor antagonists, NSAIDs nonsteroidal anti-inflamma-

tory drugs, /QR interquartile range

population (Table 4). SMRs were elevated for all gastroin-
testinal cancer subtypes, particularly gastric (SMR =1.91,
1.81-2.01) and oesophageal cancer (SMR =2.09, 1.95-2.24)
(Table 4).

Risk of All-Cause Mortality in PPI Vs H2RA Users
(Active Comparator Design)

In the direct comparison using multivariable Poisson regres-
sion, the risk of all-cause mortality was higher among PPI
users than H2RA users (alRR=1.42; 95% CI 1.38-1.46)
(Table 5). The alRRs were higher among men (aIRR =1.56;
95% CI 1.48-1.64) than women (alRR =1.32; 95% CI
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1.27-1.38), and the age stratified alRRs also showed an
age-dependent effect, with the highest IRRs found in the
50-59 years age group (aIRR=1.60; 95% CI 1.41-1.83).
The mortality risks were increased in all the indication sub-
groups except in gastro-oesophageal reflux (aIRR =0.93;
95% C10.84-1.02).

Duration of Use

The association between PPI use and the risk of all-cause
mortality appeared to be dose dependant, with the highest
risk for mortality observed among individuals exposed to
PPIs> 5 years (SMR =1.29; 95% CI 1.28-1.30). In contrast,
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Table 2 Overall risk of death (all-cause mortality) in all participants exposed to gastric acid suppressants (by drug type), expressed as standard-
ised mortality ratios (SMRs) with 95% confidence intervals (CI), stratified by sex, age groups and indications for use

PPI users P for trend H2RA users P for trend
Number of deaths SMR (95% CI) Number of SMR (95% CI)
deaths
Total 159,422 1.35 (1.34-1.36) 4054 1.31 (1.27-1.36)
Sex
Men 70,226 1.43 (1.41-1.44) 1635 1.23 (1.22-1.34)
Women 89,196 1.30 (1.29-1.31) 2419 1.34 (1.29-1.39)
Age, years
20-39 989 5.33 (5.00-5.67) <0.001 21 6.63 (4.10-10.13) <0.001
40-49 2321 3.22 (3.09-3.36) 46 3.09 (2.26-4.12)
50-59 7000 2.27 (2.22-2.32) 146 2.07 (1.74-2.43)
60-69 18,884 1.70 (1.67-1.73) 394 1.52 (1.37-1.67)
>70 130,228 1.27 (1.26-1.27) 3447 1.26 (1.22-1.30)
Indications
Gastro-oesophageal reflux 34,350 1.07 (1.06-1.08) 391 1.28 (1.16-1.42)
Peptic ulcers 28,343 1.98 (1.96-2.01) 445 2.05 (1.87-2.25)
Gastroduodenitis 23,657 1.39 (1.38-1.41) 311 1.64 (1.47-1.84)
Dyspepsia 23,657 1.39 (1.38-1.41) 311 1.64 (1.47-1.84)
Helicobacter pylori infection 9411 1.16 (1.14-1.19) 83 0.95 (0.76-1.18)
& eradication
NSAID use (> 180 days) 61,902 1.17 (1.16-1.18) 1742 1.22 (1.16-1.28)
Aspirin use (> 180 days) 92,341 1.46 (1.45-1.47) 2085 1.45 (1.39-1.51)
No Indication 12,513 1.12 (1.10-1.14) 401 0.93 (0.84-1.03)

PPI proton pump inhibitor, H2RA histamine-2 receptor antagonists, NSAIDs nonsteroidal anti-inflammatory drugs

#Age was modelled categorically to assess linear trend over age categories

Fig.2 The risk of cause-specific Cause-specific mortality subgroups
mortality in maintenance proton
pump inhibitor (PPI) users

0
compared to the Swedish back- Cancer mortality Cases SMRs [95% Cl]
ground population, stratified by T,\%tefﬂ %528‘2‘ : %%% %%3'112272
sex and age group, expressed Women 14,442 ) 1.17[1.15,1.19

. . . 20-39 2,775 h 9.05[8.01,10.18]
as standardised mortality ratios 40-49 706 ® 3.28[3.04/3.53
(SMIRS) ang 957 confidence gg .* oy
intervals (CI) >70 18,110 [ 1.03[1.02,1.05

Cardiovascular mortality
Total 56,170 ® 1.36 [1.35,1.37]
Men 23,983 ® 1.4111.39,1.43
Women 32,187 [ ] 1.32(1.31,1.34
0-39 4 —— 3.88[2.83,5.19
40-49 257 - 2.4512.16,2.77
50-59 1,195 ® 2.01(1.90,2.13
60-69 4,006 L] 1.63[1.58,1.68
270 50,667 ® 1.33[1.32,1.34
Other-cause mortality
Total 52,989 1.39[1.38,1.40]
en 22,731 1.47(1.45,1.49
Women 30,258 1.3411.32,1.35
20-39 537 4.16 [3.81,4.52
40-49 4 2.642.48,2.81
50-59 2,431 1.91[1.83,1.98
60-69 5,687 1.63[1.58,1.67
>70 43,340 1.32]1.31,1.33
0.05 0.14 0.37 1.00 2.72 7.39

SMRs (Log scale) 95% ClI
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Table 3 Proportion of cancer subtypes for all deaths among individuals exposed to proton pump inhibitors (PPI), H2-receptor antagonists

(H2RA), and the corresponding background population for 2006-2013

PPI (N=27,994)

H2RA (N=560)

Background population
(2006-2013)

Men Women Men Women Men Women
N (%) N (%) N (%) N (%) N (%) N (%)
Total 13,552 (100) 14,442 (100) 267 (100) 293 (100) 85,117 (100) 78,534 (100)
Non-gastrointestinal cancer deaths 8283 (61.1) 9393 (65.0) 201 (75.2) 200 (68.2) 59,021 (69.3) 54,009 (68.8)
Lung 2368 (17.5) 2586 (17.9) 73 (27.3) 68 (23.2) 13,998 (16.4) 12,622 (16.1)
Prostate 1853 (13.7) n.a 32 (11.9) n.a 18,140 (21.3) n.a
Breast 4(0.0) 1181 (8.2) 0(0.0) 23 (7.8) 88 (0.1) 10,851 (13.8)
Other 4058 (29.9) 5627 (38.9) 92 (34.4) 106 (36.2) 26,795 (31.4) 30,536 (38.9)
Gastrointestinal cancer deaths 5273 (38.9) 5057 (35.0) 66 (24.7) 93 (31.7) 25,727 (30.2) 24,186 (30.8)
Colorectal 1590 (11.7) 1783 (12.3) 22 (8.2) 33(11.2) 9962 (11.7) 9661 (12.3)
Pancreas 1165 (8.5) 1422 (9.9) 21(7.8) 27(9.2) 5619 (6.6) 6337 (8.1)
Liver, gallbladder and bile ducts 911 (6.7) 813 (5.6) 12 (4.5) 20 (6.8) 3813 (4.5) 3976 (5.1)
Stomach 765 (5.6) 547 (3.8) 5(1.9) 5(1.7) 2993 (3.5) 2045 (2.6)
Oesophagus 623 (4.6) 218 (1.5) 3(1.1) 0(0.0) 2237 (2.6) 828 (1.1)
Other gastrointestinal 219 (1.6) 274 (1.9) 3(L.D) 8(2.7) 1103 (1.3) 1341 (1.7)

Table 4 Standardised mortality ratios (SMR) and 95% confidence intervals (Cis) of cancer subtypes in all individuals exposed to proton pump
inhibitors, stratified by sex and age groups

Gastrointestinal cancers

Non-gastrointestinal Cancers

Number of deaths SMR (95% CI) Number of deaths SMR (95% CI)

Total 10,330 1.45 (1.42-1.48) 17,676 1.11 (1.09-1.13)
Sex

Men 5273 1.64 (1.59-1.68) 8283 1.10 (1.07-1.12)

Women 5057 1.29 (1.26-1.33) 9393 1.12 (1.10-1.14)
Age groups

20-39 65 9.88 (7.62-12.49) 210 8.83 (7.67-10.10)

40-49 252 4.42 (3.89-5.00) 454 2.88 (2.61-3.15)

50-59 910 2.70 (2.53-2.89 1489 1.91 (1.81-2.01)

60-69 2415 1.86 (1.79-1.94) 4095 1.40 (1.36-1.45)

>70 6688 1.23 (1.20-1.26) 11,428 0.95 (0.93-0.97)
Gastrointestinal cancer subtypes

Colorectal 3373 1.19 (1.15-1.23)

Pancreas 2587 1.50 (1.45-1.56)

Liver, gallbladder and bile ducts 1724 1.52 (1.45-1.59)

Stomach 1312 1.91 (1.81-2.01)

Oesophagus 841 2.09 (1.95-2.24)

Other gastrointestinal 493 1.38 (1.26-1.51)

the high SMRs within the first 3 years of H2RA use were
attenuated with longer follow-up and became close to unity

by > 5 years of use as shown in Fig. 3.
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Discussion

In this large population-based study, maintenance use of
gastric acid suppressors was associated with increased rel-
ative risks of all-cause and cause-specific mortality. The
risk of all-cause mortality was elevated in both PPI and
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Table 5 Multivariable Poisson analyses for risk of all-cause mortality comparing PPI users to H2RA users expressed as incidence rate ratios
(IRRs) and 95% confidence intervals (CIs)

All-cause mortality

Strata

Number of observed deaths

among PPIs users

Unadjusted IRR (95% CI)

alRR* (95% CI)

p-value

Total

Sex

Men

Women

Age groups
20-39
40-49
50-59
60—-69
>70

Indications

Gastro-oesophageal reflux

Peptic ulcers

Gastroduodenitis

Helicobacter pylori infection
NSAID use (> 180 days)
Aspirin use (> 180 days)

No Indication

159,422

70,226
89,196

989
2321
7000

18,884
130,228

34,350
28,343
23,657

9411
61,902
92,341
12,513

1.24 (1.19-1.27)

1.35 (1.20-1.42)
116 (1.11=1.21)

1.35 (0.96-1.89)
1.60 (1.27-2.01)
1.61 (1.41-1.83)
1.48 (1.36-1.61)
1.31 (1.26-1.35)

0.86 (0.78-0.95)
1.11 (1.01-1.22)
0.94 (0.84-1.05)
1.44 (1.16-1.78)
1.12 (1.07-1.17)
1.19 (1.14-1.25)
1.49 (1.34-1.64)

1.42 (1.38-1.46)

1.56 (1.48-1.64)
1.32(1.27-1.38)

1.40 (0.99-1.97)
1.58 (1.26-1.99)
1.60 (1.41-1.83)
1.53 (1.41-1.67)
1.39 (1.34-1.44)

0.93 (0.84-1.02)
1.43 (1.29-1.57)
1.05 (0.94-1.17)
2.05 (1.65-2.55)
1.39 (1.32-1.45)
1.45 (1.39-1.52)
1.62 (1.47-1.79)

<0.001

<0.001
<0.001

0.05
<0.001
<0.001
<0.001
<0.001

0.13
<0.001
0.43
<0.001
<0.001
<0.001
<0.001

PPI proton pump inhibitors, H2RA histamine-2 receptor antagonists, a/RR multivariable-adjusted incidence rate ratio, NSAIDs nonsteroidal anti-

inflammatory drugs

*alRRs were adjusted for sex, age, gastro-oesophageal reflux, gastroduodenitis, peptic ulcers, H. pylori infection, NSAID use, aspirin use

(a) PPI Duration Analysis
14
138
s e
134 A 130 (133-135)

o
o
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122
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(b) H2RA Duration Analysis
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Fig.3 Duration of exposure and risk of all-cause mortality among (a) proton pump inhibitor (PPI) users (b) histamine-2 receptor antagonist
(H2RA) users, expressed as standardised mortality ratios (SMRs) and 95% confidence intervals (CI)

H2RA maintenance users, particularly among the younger
age groups. The risk increased with prolonged duration of
PPI use, while in contrast, it declined in H2RA users. In a
direct comparison between PPI and H2RA users, PPI users
had a higher risk of all-cause mortality compared to H2RA

users. The risk of mortality from cancer and cardiovascu-
lar disease was increased in PPI users.

The major strength of our study is the population-based
design, which included all eligible PP and H2RA main-
tenance users, limiting the influence of selection bias and

@ Springer
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increasing statistical power. Our data were retrieved from
validated, high-quality, nationwide registries with overall
complete coverage of the entire Swedish population, facili-
tating the generalisability of obtained results. All PPI use
in this study was based on prescriptions ascertained from
the Prescribed Drug Registry, minimising the risk of mis-
classification due to recall bias. Furthermore, we minimised
potential confounding by indication by controlling for the
indications and using stratified analyses. To account for
immortal-time bias, only data based on time since first dis-
pensed prescription were calculated and presented. We used
robust methods with a priori written study protocol.

Our study has several limitations. Although we were able
to correct for the main confounders (age and sex) and took
into account confounding by indication, residual confound-
ing cannot be ruled out. Inherent to the study design, data on
conditions that may influence the risk of mortality and life-
style factors (e.g. smoking, diabetes) were not available for
the entire Swedish population, since they are not collected
in the nationwide health registries. However, socioeconomic
factors and place of residence were unlikely to influence
the results, as access to health care should be equal for all
Swedish citizens. Additionally, underlying indications for
16.3% of the total users were lacking. It is likely that these
participants had more mild and unspecific gastrointestinal
symptoms which were less likely recorded while the more
severe symptoms were more likely to be recorded [27]. The
proportion of PPI users with no indications was relatively
smaller than the H2RA users, possibly indicating that PPI
users might have expressed more severe symptoms.

We had no direct information on compliance to the pre-
scribed treatment under study, and there was potential for
misclassification due to treatment nonadherence. Neverthe-
less, we only included prescriptions that were dispensed, and
the dispensing of repeat prescriptions is strongly suggestive
of actual use. We did not have access to data on over the
counter (OTC) PPI use. However, PPI packages obtained
over the counter are smaller and more expensive [21], mak-
ing it more likely that PPI maintenance users obtain their
PPI doses through prescription rather than over the counter,
limiting exposure misclassification. Inherent to the study
design, the background population contained exposed par-
ticipants, which might have diluted the results towards null.
Maintenance PPI use is common in Sweden (approximately
11% of all Swedish adults) [25, 27], and thus, finding a
comparison group not receiving PPIs or H2RAs, with the
same symptoms and indications for treatment is virtually
impossible. We had no information on PPI use before July
2005 (start of the Prescribed Drug Registry). Thus, due to
this potential left censoring, it is possible that non-PPI users
may have received PPIs before the study period, also mak-
ing it difficult to distinguish between prevalent and incident
users. However, we assumed that many of those exposed in
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2005 were already maintenance users prior to enrolment in
our study.

Our findings of an independent association between PPI
use and increased all-cause mortality risk align with previ-
ous findings from two cohort studies conducted in Finnish
[36] and Italian [37] institutionalised older patients. Their
findings are corroborated by the more recent abovemen-
tioned VA and UK studies which also found increased all-
cause mortality risk among PPI users compared to H2RA
users and non-acid suppressant users [3, 22, 23]. Similarly,
we found increased all-cause mortality in maintenance
H2RA users, relative to the background population. The
H2RA users were on average older than the PPI users, and
this could explain the increased SMRs observed in H2RA
users, considering that the older population had higher fre-
quencies of multiple indications and is more vulnerable to
conditions that might result in death [36, 37].

Previous studies have established that the risk of mor-
tality among older patients using PPIs is elevated [3, 17,
22, 23, 36-38]. This study confirms this but additionally
shows an age-dependent effect of PPI and H2RA use on the
relative risk of all-cause and cause-specific mortality which
has not been discussed in previous literature [3, 17, 22, 23,
36-38]. The higher risk in the younger age groups suggests
that the relative impact of PPI use is more prominent in the
younger population, an age trend we have also seen consist-
ently in our previous studies looking at the risk of different
gastrointestinal cancers in relation to PPl use [8, 25, 27, 39].
The high SMRs may possibly be a result of confounding by
indication which seemingly impacts the younger age groups
more. The young may seem relatively unlikely to be at risk
for serious diseases such as cancer. Symptoms therefore may
not be thoroughly investigated at the presence of subclinical
disease, which is independently associated with increased
risk of death, masking the true association between PPI
use and mortality [8, 25, 27, 40]. We also hypothesise that
the differences by age could be related to gut microbiome
changes, with the gut microbiome of younger individuals
potentially being more susceptible to the external environ-
ment, particularly maintenance drugs. To our knowledge,
this interaction between age and environmental factors on
the gut microbiome has not been investigated yet in longitu-
dinal population-based studies; yet the impact of drugs on
the microbiome seems far from negligible [41].

PPI use was associated with an increased risk of mor-
tality from cancer and cardiovascular disease, which con-
tributed to the increased overall mortality. A few studies
have observed increased risk of cardiovascular-specific
mortality associated with PPI use [22, 23], and their find-
ings were corroborated by a recent systematic review [19].
Our findings of increased risk of cancer-specific mortality
in PPI users were in line with the results of the VA and
Danish cohort studies [20, 22], and not surprising in the
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light of the accumulating evidence suggesting increased
risk of gastrointestinal cancers among PPI users, particu-
larly gastric cancer [18, 42]. The subgroup analyses also
showed that the standardised mortality ratios were par-
ticularly increased for gastrointestinal cancer, particularly
stomach, oesophageal and pancreatic cancer. Our findings
may also be explained by increased prescription of PPIs to
patients with existing medical problems. A few studies that
were able to further examine sub-causes of death, found
increased risks for cancer-specific mortality in patients
with gastrointestinal cancers [22] such as pancreatic can-
cers [43], colorectal cancer [44], gastric non-cardia cancer
and hepatocellular carcinoma [45].

In line with what was observed in the VA and UK cohort
studies [22, 23], PPI use was associated with increased risk
of mortality compared with H2RA use in the active compar-
ator analysis. Adjusting for the previously mentioned con-
founders did not attenuate the effect estimates, thus, suggest-
ing that the increased risk of all-cause mortality with PPI
use is less likely explained by confounding by indication.
The results were supportive of the independent influence of
the PPIs effect per se and seemed to confirm that PPIs are
more likely prescribed in more severe cases with comorbid
conditions.

Increased risk of mortality was observed for gastrointesti-
nal indications including peptic ulcer disease, gastroduode-
nitis, H. pylori infection/eradication (in PPI users) and dys-
pepsia. Interestingly, most available data have demonstrated
little to no independent associations between these indica-
tions and mortality risk, thus, making it easier to disentangle
the effects of these indications from that of their treatment
[46-49]. Additionally, the PPI use-mortality association was
also evident in those exposed to aspirin and NSAIDs main-
tenance treatment. Notably, PPI users without documented
indications had an increased risk of all-cause mortality. We
analysed this association in an attempt to examine the asso-
ciation of PPI use and risk of death in a presumably lower
risk cohort. Our results of increased risk in this population
were in line with our a priori expectations and supported
the notion that PPIs increase risk of death in the absence of
indications (risk factors for mortality). These results together
with those from the active comparator analyses further
strengthen our resolve that the association cannot only be
ascribed to confounding by indication.

The mortality risk in PPI users increased with duration
of use in a dose—response relation. At>5 years duration of
use, we observed a 38% increased risk of all-cause mortality,
compared with an SMR of 1.29 observed during 1-2.9 years
of follow-up. These results were consistent with the Vet-
eran Affairs (VA) studies [3, 22]. In contrast, significantly
elevated risks of all-cause mortality in H2RA users were
observed only during the first few years of follow-up and
decreased with a longer duration of use. These results are

more likely due to residual confounding by indication which
seems to affect H2RA users more than PPI users.

The Bradford Hill criteria to assess evidence for causal-
ity provide a framework that enables us to perform a more
comprehensive evaluation of the observed associations.
Strength of association was quite considerable in our study
especially in the younger age groups, with consistency of
data within our analyses and with other studies [3, 17, 22,
23], suggesting internal and external validity. We considered
temporality, which we took into account in the study design
by excluding all individuals who died within the first year
of treatment commencement, ensuring that PPI exposure
preceded mortality. The biological gradient was confirmed
by the presence of a dose—response relationship for PPI use
but not H2RA use, with the risk of mortality increasing with
prolonged duration of exposure. Specificity was difficult
to prove considering that all-cause mortality is invariably
related to many exposures. Various biologically plausible
mechanisms for the association of PPI use and mortality
have been described by some studies. The VA study [22]
highlighted that PPI use is linked to excess cause-specific
mortality through worsening of underlying disease or the
occurrence of new disease [17, 22]. A US study suggested
that long-term exposure to PPIs accelerates endothelial cell
ageing resulting in an increase in cardiovascular morbidity
and mortality [50]. Mechanisms involving PPIs influence on
the microbiome have also been suggested [27, 51-53]. Addi-
tionally, several mechanisms have been suggested which
may explain the association between PPIs and the increased
risk of several chronic diseases and cancer, which in turn
may also affect mortality [54].

Given the confounding that is inherent to observational
studies, our ability to make causal claims is precluded, and
there is need to interpret our results with the full cogni-
zance of these limitations. We adjusted for some confound-
ers, yet we acknowledge the presence of residual confound-
ing that we could not control for. Nonetheless, the here
shown increased mortality risk among PPI users was con-
sistent across our analyses, even after taking into consid-
eration indication of use, and we also found evidence for a
dose-response relationship. The aforementioned limitation
should not overshadow the fact that the observed associa-
tion is of real concern, and our results might have impor-
tant clinical implications. As abovementioned, our results
highlight increased risk especially in the young age groups,
therefore, clinicians need to be aware of this greater risk
in the young and perform thorough examinations before
prescribing PPIs to young people. The same consideration
should also be applied in the older age groups where polyp-
harmacy and multiple comorbidities are an issue [17, 22, 24,
36, 37]. Given the high prevalence of maintenance PPI use,
clinicians and patients should be aware of possible adverse
events associated with maintenance use. Our findings should
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be used to promote pharmacovigilance and emphasise the
importance of exercising cautious use of PPIs where there
is a clear medical indication, with limited duration of use.

Conclusion

In conclusion, PPI maintenance use was associated with
increased all-cause and cause-specific mortality, and the
risk increased with prolonged duration of use. These find-
ings highlight that the growing (possibly inappropriate) use
of PPIs might involve potentially hazardous health effects
among maintenance users and especially among the younger
population.
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