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Keywords: Background and purpose: The use of proton-pump inhibitors (PPIs) was
dementia, immortal time reported to be associated with increased mortality risk and has been proposed
bias, as a potential risk factor for neurodegenerative diseases. We aimed to assess
pharmacoepidemiology, the impact of PPI use on survival in patients with dementia as compared with
proton-pump inhibitor controls.

Methods: This register-based control-matched cohort study included 28 428
patients with dementia ascertained by the prescription of antidementia drugs
and two control individuals matched by sex, age and area of residence for
each patient with dementia during the study period from 1 January 2005 to 30
f]z;(;ﬁ jj;ngg;ga;;f 14 June 2016. Cumulative defined daily doses (DDDs) of PPIs were extracted
1428 T from the health insurance prescription registries. A multivariate Cox regression
model for non-proportional hazards was used to analyse mortality risk in
dependence of PPI exposure, which was limited to 1 year preceding the date
of cohort entry (index date) in order to avoid immortal time bias.
Results: The PPI exposure of 100 DDDs in the year before the index date
was associated with an increased mortality risk in patients with dementia (ad-
justed hazard ratio, 1.07; 95% confidence intervals, 1.03—1.12), but also in
controls (adjusted hazard ratio, 1.47; 95% confidence intervals, 1.31-1.64).
The mortality risk in relation to PPI use was significantly lower in patients
with dementia as compared with controls (P < 0.0001) and highest in the first
2 years after the index date in both cohorts.
Conclusions: Our findings promote more stringent pharmacovigilance strate-
gies to avoid PPI use in cases lacking a clear indication for therapy or where
potential risks outweigh the benefits.
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symptomatic therapies including the cholinesterase

Introduction o L . .
inhibitors rivastigmine, donepezil and galantamine

Dementia comprises a group of neurodegenerative
syndromes with the common features of progressive
cognitive decline and deterioration of the ability to
maintain social and occupational activities. There is
still no cure for dementia but there are a number of
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and the partial N-methyl-D-aspartate receptor antago-
nist memantine. The World Alzheimer Report in 2018
stated that dementia affects around 50 million people
worldwide and the total worldwide cost was estimated
to be about $1 trillion [1]. Dementia has thus been
recognized as a global health challenge [2] and there
are emerging trends to face this burden with global
action plans as adopted by the World Health Organi-
sation [3].
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A number of risk factors have been described as
being associated with dementia including low educa-
tional attainment, midlife obesity, hypertension, dia-
betes mellitus, smoking and physical inactivity [4,5].
In two pharmacoepidemiological cohort studies, the
use of proton-pump inhibitors (PPIs) was shown to
constitute another risk factor for dementia [6,7],
which, however, was in contrast to other studies [8,9].
Methodological differences between the reported stud-
ies have been discussed as contributing to the dispar-
ity of the findings, highlighting the insufficient bias
limitation in studies reporting an association between
PPI use and dementia [10].

Proton-pump inhibitors are among the most widely
prescribed medications [11] and associated with a
number of adverse effects including renal disease,
hypomagnesaemia, infections and osteoporotic frac-
tures [12]. With regard to these adverse events, two
recent observational cohort studies reported an
increased risk of death associated with the use of PPIs
[13,14]. PPIs have also been suggested to have a speci-
fic effect on Alzheimer’s disease pathophysiology [15]
and, potentially, Alzheimer’s disease progression.
Potential biological mechanisms underlying the detri-
mental effect of PPIs could be related to an impair-
ment of autophagy and lysosomal acidification by
inhibition of vacuolar H" ATPases and were shown to
be associated with telomere erosion and the acceler-
ated senescence of endothelial cells [16].

The use of PPIs might thus represent a frequent
and modifiable risk factor in dementia patients
with the need to better understand their impact on
disease course and survival. For this purpose, we used
a large national Austrian prescription database to
assess the impact of the cumulative PPI exposure on
survival in patients with dementia and matched con-
trols.

Methods

Ethics approval and consent to participate

This study was approved by the Ethical Committee of
the Medical University of Vienna (EK 2049/2016).
Informed consent was not obtained due to the use of
pseudonymized patient information.

Data source and study population

The data in this retrospective control-matched cohort
study are based on health insurance registries of 13
Austrian statutory sickness funds, which together cap-
ture >98% of the total Austrian population (a total of
8 506 925 people were covered by the 13 sickness
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funds in 2015; the total Austrian population was
8 670 690 according to the register-based census held
on 31 October 2015 [17]). The registries are main-
tained for administrative purposes and the reimburse-
ment of pharmacy claims, and comprise each
insurant’s prescription data [coded by the Anatomical
Therapeutic Chemical (ATC) code, https://www.
whocc.no/atc_ddd_index/], hospital discharge diag-
noses (coded according to the International Classifica-
tion of Disease, 10th revision) and demographic
details, but no clinical information.

Ascertainment of patients with dementia and controls

To identify patients with dementia, the registries were
searched for individuals who were prescribed an
antidementia drug (ADD) during the study period
from 1 January 2005 to 30 June 2016 with a follow-
up time of at least 4 years. ADDs included donepezil
(ATC code NO6DAO02), rivastigmine (NO6DAO03),
galantamine (NO6DA04) and memantine (NO6DXO01).
As ADDs are only approved for dementia with full
coverage of the costs in Austria, the diagnosis could
reliably be deduced from ADD prescriptions with the
date of cohort entry (index date) defined by the first
ADD prescription. Only individuals aged >18 years
were included. For each patient with dementia, two
control individuals without ADD prescriptions during
the study period were selected from the registries.
Controls with a follow-up time of at least 4 years
were matched for sex, age at index date and area of
residence (coded by the =zip code). Patients with
dementia and controls were pseudonymized with a 40-
figure alphanumeric code before being analysed fur-
ther. Demographic parameters for patients with
dementia and controls included gender, date of birth
and date of death. The extraction of prescription data
was hypothesis-driven and included PPIs (ATC code
A02BC) and non-steroidal anti-inflammatory drugs
(NSAIDs) (ATC code MO1A), with which PPIs are
often coprescribed to avoid or treat NSAID-associ-
ated ulcers and other gastrointestinal complications
[18], and the number of distinct drug classes pre-
scribed to an individual person. Survival analyses were
adjusted for NSAID exposure in order to avoid con-
founding by reverse causality [19].

Statistical analysis

In both dementia patients and controls, survival was
assessed from the index date until death or censoring.
Kaplan—Meier analyses and log-rank tests were per-
formed to assess survival in relation to PPI use. Expo-
sure to PPIs was defined as a continuous variable by
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the calculation of the cumulative defined daily dose
(cDDD) in the year preceding the index date in order
to avoid immortal time bias, with immortal time refer-
ring to a span of time in the observation period of a
cohort during which the outcome under study could
not have occurred [20]. Hazard ratios (HRs) were cal-
culated for a unit of 100 defined daily doses (DDDs)
in order to obtain more expressive figures, as it was
unlikely that the risk per unit cDDD was substantial.
A multivariate Cox regression model for non-propor-
tional hazards [21] was used to analyse the risk of
death in relation to PPI exposure, which was adjusted
for sex, age at the index date, NSAID exposure and
the number of distinct drug classes prescribed to an
individual person. The number of distinct drug classes
(defined by different ATC codes) is a validated comor-
bidity measure predicting mortality and was thus used
to adjust for comorbidity in the Cox regression model
[22]. To determine particularly vulnerable subgroups
in the study population, the multivariate Cox regres-
sion model was again applied after stratification of
both cohorts by age at the index date and by the pres-
ence of cardiovascular disease, which was previously
reported to be associated with an excess mortality rate
upon PPI exposure [14]. Due to the register-based nat-
ure of the present study, however, we could not iden-
tify clinical information on comorbidities including
cardiovascular disease. Instead, we assessed whether
PPI exposure was associated with an excess of mortal-
ity in the subgroups at cardiovascular risk, defined by
the prescription of at least two of the following car-
diovascular drug classes: (i) drugs used in diabetes
(ATC code A10), (ii) antihypertensive drugs (ATC
codes C02, C03, C07, C08, C09), (iii)) antithrombotic
agents (ATC code B0l) and (iv) lipid-modifying
agents (ATC code C10). A two-sided P < 0.05 was
considered significant. Data processing was performed
using the statistical package SPSS v24 (released 2016,
IBM Corp., Armonk, NY, USA) and R version 3.4.3
(www.r-project.org).

Results

A total of 28 428 individuals with dementia were iden-
tified by ADD prescriptions with females constituting
67.8% of the cohort and a median age at the index
date of 82.1 years (interquartile range, 76.7-86.6).
There were 14 640 deaths (51.5%) in the dementia
cohort during the study period, which resulted in a
median survival of 1625 days [95% confidence inter-
vals (CI), 1598-1652]. In the control cohort of 56 856
individuals, 20 484 (36.0%) persons died during the
study period and survival was significantly longer
compared with dementia patients with a median

duration of 3356 days 3312-3400;

P < 0.0001) (Tables 1 and 2).

95% CI,

Proton-pump inhibitor exposure is associated with an
increased risk of death

In the dementia cohort, 12 979 individual cases
(45.7%) were exposed to PPIs with at least one pre-
scription and a mean cDDD of 173 4 152 in the year
preceding the index date (Table 1). The use of PPIs
prior to the index date was significantly associated with
an increased risk of death (adjusted HR per 100 DDDs
of PPIs, 1.03; 95% CI, 1.01-1.05; P =0.0069)
(Table 2). In the control cohort, the proportion of indi-
viduals exposed to PPIs in the year before the index
date was significantly lower (n = 21 948, 38.6% of the
total cohort, P < 0.0001, chi-squared test) with a mean
cDDD of 145 + 139 (Table 1). PPI exposure was sig-
nificantly associated with an increased risk of death in
the control cohort (adjusted HR per 100 DDDs of
PPIs, 1.15; 95% CI, 1.05-1.26; P = 0.0028) (Table 2).

The association between PPI exposure and risk of
death was stronger in controls compared with demen-
tia patients (P < 0.0001), but controls exposed to PPIs
in the year before the index date also had a higher PPI
usage thereafter (mean cDDD of 603 + 730 in controls
and 460 + 595 in patients with dementia), which could
have contributed to the difference. To account for this
bias, Cox regression analyses were repeated in patients
with dementia and controls without any PPI use after
the index date (37.3% of patients with dementia and
33.2% of controls, respectively) (Table 2). PPI expo-
sure was still associated with an increased risk of death
in both patients with dementia (adjusted HR per 100
DDDs of PPIs, 1.07; 95% CI, 1.03-1.12; P = 0.0008)
and the control cohort (adjusted HR per 100 DDDs of
PPIs, 1.47; 95% CI, 1.31-1.64; P < 0.0001) with a sig-
nificantly stronger detrimental effect of PPI exposure
on survival in controls compared with dementia pa-
tients (P < 0.0001). As further analysis of our model
did not fulfill the proportional hazards assumption, we
sought to better describe the time at which the effect
was strongest. In both patients with dementia and con-
trols, adjusted HRs were highest at the beginning and
decreased over time, plateauing at about 2 years after
the index date (Fig. 1 and Table 2). Age at the index
date and cardiovascular risk [14] were not associated
with an excess of mortality upon PPI exposure (data
not shown).

Discussion

Proton-pump inhibitors are among the most widely
prescribed drugs with prevalence estimates of over

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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Table 1 Characteristics of patients with dementia and controls: a control-matched cohort study in Austria (January 2005 to June 2016)

Patients with dementia

Controls

Total

PPI user

PPI non-user

Total

PPI user

PPI non-user

n
Sex (female)

28 428 (100%)
19 267 (67.8%)

12 979 (45.7%)
8935 (68.8%)

15 449 (54.3%)
10 332 (66.9%)
82.1 (76.6-
86.6)

84 (0.5%)
209 (1.4%)
1097 (7.1%)
4621 (29.9%)
7957 (51.5%)
1481 (9.6%)
5(2-9)

4588 (29.7%)
5744 (37.2%)
3213 (20.8%)
1225 (7.9%)

56 856 (100%)
38 779 (68.2%)
823 (77.2-
85.9)

105 (0.2%)
554 (1.0%)
3883 (6.8%)

16 161 (28.4%)
31 324 (55.1%)
4829 (8.5%)
10.0 (6.0-16.0)

2154 (3.8%)

16 939 (29.8%)
15 675 (27.6%)
10 086 (17.7%)

21 948 (38.6%)
15 360 (70.0%)
82.8 (77.9-
86.5)

25 (0.1%)
168 (0.8%)
1240 (5.6%)
5933 (27.0%)
12 334 (56.2%)
2248 (10.2%)
13 (8-19)

424 (1.9%)
4334 (19.7%)
5943 (27.1%)
4593 (20.9%)

34 908 (61.4%)

23 419 (67.1%)
82.0 (76.7-
85.6)

80 (0.2%)
386 (1.1%)
2643 (7.6%)

10 228 (29.3%)
18 990 (54.4%)
2581 (7.4%)

9 (5-14)

1730 (5.0%)
12 605 (36.1%)
9732 (27.9%)
5493 (15.7%)

Age at index date (years) 82.1 (76.7— 82.2 (76.8—
86.6) 86.6)
Age group (years)
<50 142 (0.5%) 58 (0.4%)
50-59 395 (1.4%) 186 (1.4%)
60-69 1943 (6.8%) 846 (6.5%)
70-79 8530 (30.0%) 3909 (30.1%)
80-89 14 753 (51.9%) 6796 (52.4%)
>90 2665 (9.4%) 1184 (9.1%)
ATC 9.0 (4.0-14.0) 13 (9-19)
ATC groups
<2 4662 (16.4%) 74 (0.6%)
3-7 7958 (28.0%) 2214 (17.1%)
8-12 6859 (24.1%) 3646 (28.1%)
13-17 4224 (14.9%) 2999 (23.1%)
18-22 2414 (8.5%) 1955 (15.1)
>23 2311 (8.1%) 2.091 (16.1%)
PPI use (before index date) - 173 £ 152
cDDD
PPI use (after index date) cDDD  — 460 + 595
NSAID user 7862 (27.7%) 5569 (42.9%)

459 (3.0) 6023 (10.6) 3136 (14.3) 2887 (8.3)
220 (1.4%) 5979 (10.5%) 3518 (16.0%) 2461 (7.0%)
- - 145 £ 139 -

198 + 421 - 603 + 730 219 + 469

2293 (14.8%) 18 888 (33.2%) 10 522 (47.9%) 8366 (24.0%)

ATC, anatomical therapeutic chemical classification system; cDDD, cumulative defined daily dose; NSAID, non-steroidal anti-inflammatory
drug; PPI, proton-pump inhibitor. Data are given as n (%), median (interquartile range) and mean + SD.

30% in the aged population [11]. They are often over-
prescribed and used inappropriately for long-term
duration [23,24]. As a result, even the association with
low mortality risk increments can lead to significant
public health implications. In this large control-
matched cohort study, claims data of Austrian health
insurance registries were, for the first time, used to
investigate the influence of PPI use on survival in both
patients with dementia and matched controls. In both
groups, PPI use was associated with a detrimental
effect on survival, which is in accordance with two
other studies revealing an increased risk of death asso-
ciated with PPI use [13,14]. In our study, risk of death
was highest in the first year after the index date,
potentially due to the presence of a particularly sus-
ceptible subgroup within both cohorts dying early
after PPI exposure.

Potential biological mechanisms underlying the
detrimental effect of PPIs have been reported in the
literature and have been specifically proposed in
dementia models [15]. PPIs have moreover been
reported to be associated with profound changes in
the gut microbiome and decreased bacterial richness
[25]. A combination of these mechanisms could be
considered to accelerate the disease process in patients
with dementia. However, we intriguingly observed a

significantly higher risk of death associated with the
use of PPIs in the control cohort compared with
dementia patients. One potential explanation for the
difference between mortality risks could be a poor
adherence of patients with dementia to medication as
previously reported [26,27], which could have resulted
in a lower ‘true’ PPI exposure in patients with demen-
tia than predicted from their prescription data.
Another potential explanation for the lower risk of
death in dependence of PPI use in patients with
dementia is based on their reduced life expectancy
[28]. In our study, the overall survival of patients with
dementia was significantly shorter compared with con-
trols (Table 2). Competing risk factors in the demen-
tia cohort could have obviated the detrimental PPI
effect [29], with dementia patients not having lived
long enough to be as substantially affected by the
detrimental PPI effect as the control group. Finally,
different biological effects of PPIs in patients with
dementia and controls cannot be ruled out.

A general limitation of the insurance-based pre-
scription data in our study was the lack of informa-
tion on over-the-counter drugs. However, ADDs are
only available on prescription in Austria and as
dementia is the only diagnosis for which ADDs are
approved and for which the costs are remunerated by

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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Table 2 Effect of proton-pump inhibitor (PPI) use on survival in patients with dementia and controls: a multivariate Cox regression analysis
for non-proportional hazards in a control-matched cohort study in Austria (January 2005 to June 2016)

Patients with dementia Controls
Adjusted HR (95% CI) per 100 Adjusted HR (95% CI) per 100
Total  Deaths DDDs Total  Deaths DDDs
Overall effect 28 428 19 267 (67.8%) 1.03 (1.01-1.05) 56 856 20 484 (36.0%) 1.15(1.05-1.26)
Overall 10 591 5634 (53.2%) 1.07 (1.03-1.12) 18 892 6436 (34.1%) 1.47 (1.31-1.64)
effect®
Time-dependent effect (years after index date)®
0 10 591 1953 (18.4%) 1.61 (1.50-1.72) 18 892 1248 (6.6%)  3.45(3.32-3.58)
1 8638 1248 (14.4%) 1.22 (1.17-1.28) 17644 1046 (5.9%)  2.01 (1.95-2.08)
2 7390 1104 (14.9%) 1.00 (0.94-1.06) 16 598 1055 (6.4%)  1.38 (1.31-1.45)
3 5172 754 (14.6%) 0.94 (0.89-1.00) 13 361 850 (6.4%)  1.27 (1.20-1.33)
4 2595 336 (12.9%) 0.98 (0.93-1.03) 8761 630 (7.2%)  1.40 (1.34-1.46)
5 1095 162 (14.8%) 1.02 (0.97-1.08) 6394 436 (6.8%)  1.55(1.48-1.63)
6 374 44 (11.8%) 1.03 (0.97-1.09) 5507 410 (7.4%)  1.57 (1.49-1.65)
7 174 15 (8.6%)  0.99 (0.91-1.08) 4710 401 (8.5%)  1.47 (1.40-1.54)
8 80 15 (18.8%) 0.94 (0.80-1.08) 3567 301 (8.4%)  1.30 (1.20-1.39)
9 27 3 (11.1%) 0.87 (0.65-1.10) 1615 42 (2.6%)  1.10 (0.95-1.25)
10 7 0(0.0%)  0.80 (0.49-1.12) 289 17 (59%)  0.92 (0.70-1.14)

CI, confidence intervals; DDD, defined daily dose; HR, hazard ratio. Data are given as n (%) unless otherwise stated. *Including cases and
controls with PPI exposure after the index date. "Excluding cases and controls with PPI exposure after the index date.

(a)
100 Dementia cohort
80
S
=~ 60
©
2
2 40
]
20 — No PPI
— PPl user
01 2 3 45 6 7 8 9 10
Time (years)
(c)
3 Dementia cohort

HR (per 100 DDDs)
N

01 2 3 45 6 7 8 910

(b)
100 Control cohort
80
60

40

Survival (%)

20{ — NoPPI
— PPl user

01 2 3 45 6 7 8 9 10

Time (years)

—_
Q.
=

3 i Control cohort

HR (per 100 DDDs)
N

0123 456 7 8 910

Figure 1 Survival of patients with dementia and controls in relation to the use of proton-pump inhibitors (PPIs). (a) Median survival
in patients with dementia exposed to PPIs before the index date was 1596 days [95% confidence intervals (CI), 1555-1637] and median
survival in dementia patients without PPIs was 1655 days (95% CI, 1619-1691) (P = 0.0011). (b) Median survival in controls exposed
to PPIs before the index date was 2921 days (95% CI, 2864-2978) and median survival in controls without PPIs was 3657 days (95%
CI, 3647-3667) (P < 0.0001). Time-dependent multivariate Cox regression analysis for non-proportional hazards in relation to 100
defined daily doses (DDDs) of PPIs in patients with dementia (c) and controls (d). HR, hazard ratio. [Colour figure can be viewed at

wileyonlinelibrary.com]

the sickness funds, the diagnosis of dementia could
reliably be deduced from ADD prescriptions. Most
PPIs are also available only on prescription in Aus-
tria. Only low-dose omeprazole and pantoprazole in
packaging sizes of 7 or 14 pills have been available

over the counter since 2010. As both patients with
dementia and controls received drugs for a very low
prescription charge in our study, it is unlikely that
they would have paid privately to buy over-the-coun-
ter omeprazole and pantoprazole. Moreover, previous

© 2020 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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studies established prescription claims as a valid data
source for association studies, even though some of
the drugs were available over the counter [30,31]. The
insurance registries of the Austrian sickness funds in
particular have been shown to be a valid data source
for pharmacoepidemiological studies [30,32]. Based on
these factors we do not consider the use of over-the-
counter drugs as a major limitation in our study.

In conclusion, our findings of an increased risk of
death in patients with dementia and controls have sig-
nificant public health implications. They promote the
improvement of standardized guidelines for the pre-
scription and administration of PPIs, and more strin-
gent pharmacovigilance strategies to avoid PPI use in
cases lacking clear indication for therapy or where
potential risks outweigh the benefits.
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