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Abstract

Background Cumulative evidence of dementia risk in patients taking proton pump inhibitors (PPIs) is still inconclusive,
probably due to a variety of study designs.

Objective This study aimed to compare how the association between dementia risk and use of PPIs differs by different
outcome and exposure definitions.

Methods We conceptualized a target trial using claims data with 7,696,127 individuals aged 40 years or older without previ-
ous dementia or mild cognitive impairment (MCI) from the Association of Statutory Health Insurance Physicians in Bavaria.
Dementia was defined as either including or excluding MCI to compare how the results alter by different outcome definitions.
We used weighted Cox models to estimate the PPI initiation effect on dementia risk and weighted pooled logistic regression
to assess the effect of time-varying use versus non-use during 9 years of study period, including 1 year of wash-out period
(2009-2018). The median follow-up time of PPI initiators and non-initiators was 5.4 and 5.8 years, respectively. We also
evaluated the association between each PPI agent (omeprazole, pantoprazole, lansoprazole, esomeprazole, and combined
use) and dementia risk.

Results A total of 105,220 (3.6%) PPI initiators and 74,697 (2.6%) non-initiators were diagnosed with dementia. Comparing
PPI initiation with no initiation, the hazard ratio (HR) for dementia was 1.04 [95% confidence interval (CI) 1.03—1.05]. The
HR for time-varying PPI use versus non-use was 1.85 (1.80-1.90). When MCI was included in the outcome, the number
of outcomes increased to 121,922 in PPI initiators and 86,954 in non-initiators, but HRs remained similar, showing 1.04
(1.03-1.05) and 1.82 (1.77-1.86), respectively. Pantoprazole was the most frequently used PPI agent. Although the esti-
mated HRs for the time-varying use effect of each PPI showed different ranges, all agents were associated with an increased
dementia risk.

Conclusion Our large study supports existing evidence that PPI use is related to an increased risk of dementia.

1 Introduction
Key Points

Proton pump inhibitors (PPIs) are widely used to treat dis-
Increased dementia risk by PPI use did not differ,

orders of excessive gastric acid production, thanks to their > o _
well-established therapeutic effectiveness [1, 2]. Since an whether or not the definition of dementia included mild
cognitive impairment.

increased risk of dementia by PPI intake and plausible
pathophysiological pathways have been reported [3, 4], a Different PPI agents showed the different risk-increasing
considerable number of observational studies have examined effect on dementia that warrants further investigation.

the association between PPI intake and the risk of dementia
[5-10]. PPIs are among the most often used medications.
Therefore, the safety of PPIs is a crucial clinical concern.
However, the cumulative evidence is still inconclusive, and

While our German big data showed an increased risk of
dementia with PPI use, discrepancies in dementia risk by
PPI use from other studies may be due to various coun-
tries where the studies were conducted, which means
different PPI use patterns.
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systematic reviews [11, 12] have pointed out a lack of well-
designed research to establish reliable evidence.

Several possible reasons could have caused discrepancies
in the previously performed studies. We found that dementia
was differently defined in each study. In some studies, mild
cognitive impairment (MCI) was also categorized as demen-
tia [9, 13-15], or the outcome of interest was cognitive func-
tion scores as a continuous variable rather than a medical
diagnosis of dementia [16, 18]. Interestingly, most studies
that included MCI as an outcome presented no association
between PPI intake and risk of dementia or even a protective
effect of PPI intake on the dementia risk [9, 13-15, 17, 18].
Given that the overall reversion rate from MCI to normal
cognition is approximately 18% depending on subject-based
factors such as recovery from sickness and different diagnos-
tic measurements for cognitive functions [19], the varying
outcome definitions used in the available studies could have
yielded conflicting results. In a study using claims data, the
question whether dementia was diagnosed by a neurologist
could also be an important issue in the context of outcome
misclassification [20].

In addition, individuals who had ever received PPI treat-
ment were included as PPI users without information on
treatment adherence or period [14, 21]. Although PPI intake
patterns rely on the patients’ gastric symptoms and general
health status even without properly documented indica-
tion in practice [22, 23], the assessment of time-varying
PPI use is lacking in previously conducted research. We
recently performed an analysis of time-varying PPI use on
the risk of dementia by using claims data from a German
statutory health insurance [5]. To our knowledge, there is
no other study that assessed the time-varying use effect of
PPIs on dementia risk, which makes a comparison for results
unavailable.

In this study, we describe results comparing the risk of
dementia in those who were treated with PPIs by apply-
ing different outcome definitions, either solely dementia or
dementia including MCI, using real-world big data from
Germany. The focus was put on the assessment of the effect
of time-varying PPI use on dementia risk with adjustment
for time-varying confounding beyond the treatment initia-
tion effect. We also estimated the association between the
use of each PPI agent (omeprazole, pantoprazole, lansopra-
zole, esomeprazole, and combined use) and the incidence of
dementia, and further compared the results with other stud-
ies similarly conducted but in different countries [24, 25].
In summary, the various analyses and comparisons could
contribute to cumulative evidence to determine causality
between PPI use and dementia and be a useful source for
decisions in clinical practice.

2 Material and Methods
2.1 Data Source and Participants

In Germany, health insurance has been compulsory since
2009. It consists of two systems: the statutory health insur-
ance (SHI) and the private health insurance sectors; most
people in Bavaria (87.3%) are insured by SHI [26]. This
study used administrative claims data from the KVB (Ger-
man: Kassenirztliche Vereinigung Bayerns; The Bavar-
ian Association of Statutory Health Insurance Physicians).
The KVB is the largest of 17 regional associations of SHI
physicians in Germany, and represents about 26,000 phy-
sicians and psychotherapists and makes sure that all SHI-
insured patients (about 11 million people in Bavaria) have
access to medical care any time. Additionally, the work of
KVB is subject to the legal supervision of the Bavarian
State Ministry of Health [27]. The anonymized dataset of
claims data from all statutory health insurance companies
in the Federal State of Bavaria between the calendar years
2010 and 2018 was provided. Given people with early-
onset dementia are already in their 40s, all individuals
aged 40 years or older with at least 1 year of continuously
insured records before and after study entry were included
[28].

The dataset consisted of information on patients’ year
of birth, sex, codes according to the Anatomical Therapeu-
tic Chemical Classification (ATC) of prescription medica-
tions, and diagnoses [International Classification of Diseases
(ICD-10 system)]. Diagnoses were transferred quarterly by
physicians, while data on reimbursable medications were
acquired from pharmacies. Inpatient claims data are gener-
ally not registered by the KVB.

The present study has been approved by the ethics com-
mittee of the Medical Faculty of the Ludwig Maximil-
ians-University Munich, Germany. Since the data were
anonymized and produced for research purposes, consent
from study participants was not required.

2.2 Medication Exposure and Outcomes

We defined an initiation of any PPI (ATC codes A02BCO1-
06) at baseline and non-initiation. The combined use was
defined if the study subject had prescriptions for two or more
PPI agents at any time during the study period. PPI use was
assessed using prescriptions dispensed by community phar-
macies and applying a 1-year washout period, as over-the-
counter (OTC) use was unavailable in our data. The first PPI
dispensing date formed the index date for each individual in
the PPI initiator group. Individuals who were eligible as PPI
initiators were followed-up and compared with non-initiators



(Supplementary Figure S1). To minimize the selection bias
in the group of non-initiators, we emulated a target trial [29].
Each participant had several trials with different enrollment
points, i.e., every quarter of the year from when they became
eligible to the end of study participation [30]. All person tri-
als were pooled in the emulated trials of non-initiators. We
then randomly selected non-initiators from the person trials
by 1:1 matching for cohort entry time [31]. Follow-up for
study outcomes started after initiation of treatment and con-
tinued until the occurrence of an outcome of interest, loss
to follow-up, or the end of the study period on 31 December
2018. Because patients’ data were transferred quarterly, the
upper limit of the interval (i.e., the last day of each quarter)
was assigned for the end of follow-up, which corresponds
to the usual method for the interval-censored data analysis
[32]. The primary outcome of interest was the incidence of
dementia. To ascertain the incidence of dementia, the ICD-
10 codes for dementia (FOO, FO1, FO3, F05.1, G30, G31.0,
G31.1, G31.9, and F02.8+G31.82) [33] had to be found at
least twice in consecutive quarters. We also included the
ICD-10 code F06.7 for MCI in the outcome definition to
compare how the risk of dementia alters by different out-
come definitions.

2.3 Covariates

We controlled analyses for several confounders, consider-
ing direct causes of the exposure or outcome or both, which
would identify a sufficient set of confounding factors [2,
34, 35], which means adjustments for covariates that are
either the cause of the exposure or outcome and are not on
the causal pathway to the outcome (mediators) or variables
affecting the outcome only through the exposure (instru-
mental variables). The covariates encompass participants’
demographics (age and sex), calendar year of study entry,
comorbidities, and medication use. Compared with our pre-
vious work, the approved indications of PPI were addition-
ally controlled to minimize the unmeasured confounding.
Participants’ baseline characteristics were measured in the
2-year quarters preceding cohort entry. A complete list of
participants’ characteristics and a definition of covariates are
provided in Supplementary Table S2.

2.4 Statistical Analysis

We used weighted Cox regression models with robust stand-
ard errors to estimate the effect of PPI initiation versus non-
initiation on dementia risk. Entropy balancing was used to
adjust for confounding [36, 37]. Standardized mean differ-
ences were used to examine the balance in the covariates
between PPI initiators and non-initiators before and after
weighting [37]. Overall exposure-specific survival was plot-
ted as Kaplan—Meier estimates [38]. We estimated hazard
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ratios (HRs) with the corresponding 95% confidence inter-
vals (ClIs). To reduce the potential for reverse causality, we
applied a 1-year lag window, where we censored dementia
cases occurring during the first year of follow-up [39].

We used weighted pooled logistic regression models to
examine the effect of time-varying PPI use on dementia
risk because the status of PPI treatment varies depending
on patients’ health conditions in general practice [22, 23].
This method, known as a marginal structural model, is an
observational-based method and has recently often been
used to analyze complex real-world data [40-42]. As we
assessed baseline confounder in the 2-year quarters preced-
ing cohort entry, we constructed a dataset consisting of fol-
low-up intervals of 6 months for consistency. In other words,
we calculated updated weights of each individual at every
6 months. Stabilized inverse probability of treatment weights
were used to adjust for the time-varying confounding [37,
38]. Additionally, the inverse probability of being censored
was calculated to adjust for time-varying selection bias [43].
This approach can be considered as an analysis of the con-
tinuous PPI treatment effect and is analogous to analysis in
an unblinded RCT [44]. A survival curve standardized for
baseline covariates and weighted for time-varying confound-
ers was also drawn [38].

To examine whether the effect of each PPI agent (ome-
prazole, pantoprazole, lansoprazole, esomeprazole, and
combined use) on the risk of dementia is equivalent, we
further performed both analyses of each PPI agent by using
the non-initiator group as a reference.

We performed several sensitivity analyses to examine the
extent to which observed associations could be due to bias.
As the first sensitivity analysis, we fit the same weighted
Cox model and pooled logistic regression models restrict-
ing to the individuals aged 70 years or older. This restriction
strategy aims to assess the risk of dementia by PPI intake
altered by survival bias [39]. For the second sensitivity anal-
ysis, we repeated our analyses by defining the outcome of
dementia or MCI diagnosed by a neurologist or psychiatrist
due to the possible overestimation of incident dementia in
the claims data [20].

Lastly, we computed an E-value, which indicates the
minimum strength of an association that an unmeasured con-
founder would need to have to account for the observed asso-
ciation between PPI intake and dementia risk [45]. Analyses
were performed using R (version 3.6.3).

3 Results

In our dataset of 7,696,127 individuals, 2,886,733 PPI initia-
tors were observed. We randomly selected the same number
of non-initiators. The median follow-up time of PPI initia-
tors and non-initiators was 5.4 [interquartile range (IQR)
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3.1-7.2] years and 5.8 (IQR 3.3-7.3) years, respectively. The
median age of the whole study population was 58.0 (IQR
49.0-71.0) years, and 56.4% were women. We provided
the baseline covariates of the study population in Table 1.
PPI initiators were older and more likely to have more com-
modities and concomitant medication compared with non-
initiators. However, both groups were well balanced on the
confounders after weighting.

There were 105,220 cases of dementia in PPI initiators
(3.6%) and 74,697 cases in non-initiators (2.6%) (Table 2).
When MCI was also included in the outcome, 121,922
(4.2%) and 86,954 (3.0%) cases were observed in the PPI ini-
tiators and non-initiators, respectively. However, both HRs
for different outcome definitions were the same (HR 1.04,
95% CI 1.03-1.05). Survival curves comparing outcome-
free survival among initiators of PPIs versus non-initiators
were provided (Supplementary Figure S3).

In the analysis of time-varying PPI use versus non-use
that considered time-varying confounding and censoring,
increased dementia risk by PPI use was observed again
(HR 1.85, 95% CI 1.80-1.90). The risk of dementia,
including MCI, was similar (HR 1.82,95% CI 1.77-1.86).
The survival curves standardized for baseline covariates
and weighted for time-varying confounders showed that
PPI use gradually increased the risk of dementia as PPI
treatment period was extended (Fig. 1).

When we assessed the effect of each PPI agent on the
risk of dementia (Table 3) or dementia including MCI
(Table 4), we found a protective initiation effect by com-
bined use of PPI, unlike the use of each separate type of
PPI. However, the analyses for time-varying use showed
that all types of PPI agents increased the risk of dementia
whether MCI was included as outcome or not (Tables 3
and 4). The characteristics of initiators of each PPI agent
are presented in Supplementary Table S4 with standard
mean differences for PPIs and non-initiation. Individuals
who received only pantoprazole treatment were 61.5% of
all PPI initiators. In general, pantoprazole users took more
co-medications. Only 800 PPI new users initiated and
continued rabeprazole treatment. Due to the small num-
ber of users, rabeprazole was not further analyzed. Three
individuals who initiated dexlansoprazole treatment were
included in the group of combined use. Survival curves
comparing outcome-free survival among each PPI agent
user and non-initiator were consistent with these findings
(Supplementary Figure S5).

In the sensitivity analysis restricted to participants
aged 70 years or older, we found individuals were gener-
ally unhealthier whether they were PPI initiators or non-
initiators (Supplementary Table S6) compared with the
whole study population. An interesting finding is that PPI
indications were less frequently observed in old PPI initia-
tors (27.1%) compared with PPI initiators from the whole

study population (28.3%). We did not find an increased
dementia risk by PPI initiation in the elderly population
(HR 0.99, 95% CI 0.98-1.00), and even a protective effect
was observed when MCI was considered as an outcome
(HR 0.94, 95% CI 0.93-0.95). However, time-varying PPI
use analysis with adjustment for time-dependent variables
showed an increased risk of dementia (HR 1.82, 95% CI
1.75-1.88) (Supplementary Table S7), which is compara-
ble to the results of the main analysis. Unlike in the older
population, PPI initiation and its long-term use showed risk-
increasing effects in the younger population (Supplementary
Table S8).

When we repeated our analyses, defining the outcome
as dementia diagnosed by neurologists or psychiatrists, the
total number of dementia cases decreased to 30,825, which
is only 17% of the event cases in the primary analysis. How-
ever, effect estimates were similar to the HRs of the primary
analysis (Supplementary Table S9). If MCI was included in
the outcome, the number of events was 39,324.

The calculated E-value implicated that observed asso-
ciation between time-varying PPI use and dementia risk
could be explained away if an unmeasured confounder has
a relation with both exposure and outcome with a relative
risk (RR) of 3.10 or higher. In addition, the unmeasured
confounder needs to be associated with PPI initiation and
dementia, with RR of at least 3.0 to shift the lower CI limit
(i.e., 1.80) to the null.

4 Discussion

This research presents the first comparison of dementia risk
by PPI use by applying different exposure and outcome defi-
nitions, suggesting that initiation and long-term use of PPIs
increase the risk of dementia.

Since previously conducted studies have reported incon-
sistent results on the association between the use of PPIs
and dementia risk, no consensus has been achieved yet [11,
46, 47]. Under the assumption that the inconclusive findings
were due to different exposure and outcome definitions and
study designs that cause bias, we aimed to compare how
the results vary by the different definitions of exposure and
outcome and the included study participants.

In our main analysis, in which all eligible study partici-
pants were included, we did not find a difference in the risk
of dementia when the dementia was defined including MCI
or not. However, the results were different by the defini-
tion of exposures. When we assessed the initiation effect of
PPI treatment on the risk of dementia, a slightly increased
dementia risk was observed (HR 1.04, 95% CI 1.03—1.05). In
the analysis of the time-varying use effect where PPI use and
time-varying covariates were assessed at 6—-month intervals,
we found a HR of 1.85 (95% CI 1.80-1.90) for dementia
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Table 1 Comparison of baseline confounders for initiators of PPIs and non-initiators before/after weighting

Unweighted population Weighted population
Non-initiators PPI Initiators SMD Non-initiators PPI Initiators SMD
2,886,733 2,886,733 2,886,733 2,886,733
Age (years) 58.6 (12.8) 61.9 (13.1) 0.252 60.3 (13.1) 60.3 (13.1) < 0.001
Women (%) 554 57.3 0.041 56.4 56.4 < 0.001
Comorbidities (%)
Obesity 10.2 14.9 0.141 12.5 12.5 < 0.001
Diabetes 14.1 20.1 0.160 17.1 17.1 < 0.001
Hypertension 38.5 514 0.261 44.9 44.9 < 0.001
Heart disease 13.7 22.1 0.222 17.9 17.9 < 0.001
Peripheral vascular disease 6.3 11.0 0.168 8.7 8.7 < 0.001
Coagulopathy 1.5 2.7 0.086 2.1 2.1 0.001
Chronic pulmonary disease 14.0 21.4 0.195 17.7 17.7 < 0.001
Cancer 6.7 114 0.163 9.0 9.0 < 0.001
Depression 16.7 25.6 0.219 21.1 21.1 < 0.001
Abuse of substances or psychosis 29 4.1 0.067 3.5 35 < 0.001
Diseases that may cause dementia 11.0 14.3 0.098 12.6 12.6 < 0.001
Cerebrovascular disease 6.5 11.0 0.161 8.7 8.7 < 0.001
Inflammation, infection or injury in 2.1 35 0.085 2.8 2.8 < 0.001
nervous system
Indications for PPI 5.5 28.3 0.638 16.9 16.9 < 0.001
Medication use (%)
Antihypertensive drugs 27.8 41.9 0.298 34.8 349 < 0.001
Antiinflammatory drugs 15.5 349 0.459 25.2 25.2 < 0.001
Statins 7.6 12.5 0.163 10.0 10.0 < 0.001
Antidiabetic drugs 6.1 9.3 0.120 7.7 7.7 < 0.001
Antidepressants 4.0 7.6 0.155 5.8 5.8 < 0.001
Psycholeptics 3.0 6.4 0.165 4.7 4.7 < 0.001
Corticosteroids 1.8 52 0.187 35 35 < 0.001
Anticholinergics 1.8 39 0.125 29 29 < 0.001
Clopidogrel 0.5 14 0.091 1.0 1.0 < 0.001
Study entry year (%) 0.101 0.005
2011 86.8 89.9 88.4 88.4
2012 6.4 4.6 5.5 55
2013 2.6 2.0 2.3 23
2014 1.8 1.4 1.6 1.6
2015 1.1 1.0 1.0 1.1
2016 0.8 0.7 0.7 0.7
2017 0.4 0.4 0.4 0.4
2018 < 0.01 < 0.01 <0.01 < 0.01

Data are mean (standard deviation) or percentages

PPI proton pump inhibitor, SMD standardized mean difference

only and a HR of 1.82 (95% CI 1.77-1.86) for dementia or ~ In general, individuals who initiated PPIs at baseline did
MCI. There was no remarkable difference in the risk by the ~ not continue the PPI intake during the whole study period.
different outcome definitions as described above. Instead, most PPI users received intermittent treatments.

We explored our data and found that the PPI intake = During the first follow-up interval, 93.5% of PPI users
pattern changed dynamically through the study period. were those who had already initiated PPIs at baseline
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Table 2 Association between proton pump inhibitors and dementia risk

Outcome definition

PPI initiators non-initiators

Number of events in  Number of events in Initiation effect®

Time-varying use effect”

105,220 (3.6%)
121,922 (4.2%)

74,697 (2.6%)
86,954 (3.0%)

Dementia
Dementia or MCI

HR (95% CI) P HR (95% CI) P
1.04 (1.03-1.05) 1.35x 10712 1.85 (1.80-1.90) <2x107'°
1.04 (1.03-1.05) 246 x 1071 1.82 (1.77-1.86) <2x 10716

CI confidence interval, HR hazard ratio, MCI mild cognitive impairment, PP/ proton pump inhibitor, P P-value

*PPI initiation effect on dementia risk. Hazard ratios (HRs) were adjusted for baseline age, sex, study entry-year, history of obesity, diabetes,
hypertension, heart disease, peripheral vascular disease, coagulopathy, chronic pulmonary disease, cancer, depression, abuse of substances or
psychosis, diseases that may cause dementia, cerebrovascular disease, inflammation, infection or injury of the nervous system, indication of
proton pump inhibitors, use of antidiabetics, antihypertensives, statins, clopidogrel, anticholinergics, antiinflammatory drugs, corticosteroids,
antidepressants, and psycholeptics. A 1-year lag window between exposure and outcome was applied

®Using weighted pooled logistic regression with adjustment for all covariates listed above and follow-up time (6 months interval) and its square

term. A 1-year lag window between exposure and outcome was applied

Fig. 1 Survival curves standardized for baseline covariate distribution
and weighted for time-varying confounders for dementia®. "Mild cog-
nitive impairment is not included

(Supplementary Table S10-A). The rate of PPI initiators
at baseline who were also included as PPI users at each
follow-up interval gradually decreased to 73.6% during the
first 5 years, and it remained similar afterwards. When we
assessed how many PPI users received PPIs for two consecu-
tive follow-up intervals (i.e., 1 year), we could see that most
PPI users continued their treatment from baseline until the
second follow-up. From then on, it was shown that between
67.0% and 79.5% of PPI users at each interval also received
PPIs for at least two consecutive follow-up intervals.
Regarding time-varying confounders, while the par-
ticipants who took PPIs during the first follow-up inter-
val were generally healthier than the PPI users at baseline

(Table 1), the indications for PPI were similarly observed
during the first follow-up period (28.9%) compared with
baseline (28.3%). From the second follow-up, PPI users at
each follow-up always had more comorbidities compared
with the baseline, which is regarded as related to the sur-
vival bias. In particular, 46.2% of PPI users had PPI indi-
cations at the last follow-up, showing a more considerable
rise in frequency compared with the degree of increase
in other comorbidities. Concomitant medication use was
already more frequent at the first follow-up interval than
at baseline. Contrary to the characteristics of PPI users at
each interval, the comorbidities and use of co-medications
in non-users increased only slightly as more follow-up
time went by (Supplementary Table S10-B).

Longitudinal studies usually aim to estimate the effect
of a time-varying exposure on the outcome, and adjust-
ment for time-varying confounding is required [43, 48].
Given that PPI intake patterns alter dynamically and con-
founders change over time, as shown in our dataset, we
focus more on analyzing the time-varying use effect rather
than the initiation effect. The control for the time-varying
confounders ensures that both are neither affected by the
previous treatment levels nor affect the subsequent treat-
ment levels.

We performed further analyses to assess the effect of
each PPI agent on the risk of dementia (omeprazole, pan-
toprazole, lansoprazole, esomeprazole, and combined use).
As observed in the primary analysis, there were no remark-
able differences in the risk of dementia by use of each PPI
agent depending on the different outcome definitions (i.e.,
dementia only or dementia including MCI) (Tables 3 and
4). Interestingly, individuals who took combined types of
PPIs had a lower risk of dementia in the initiation effect
analysis, although the use of each single PPI agent showed
an increased risk of dementia. Nevertheless, time-varying
use effect analyses showed similarly increased dementia
risks regardless of the type of PPI agents taken. Whereas
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Table 3 Association between specific proton pump inhibitors and risk of dementia

PPI category Number of Number of events Initiation effect® Time-varying use effect
individuals

HR (95% CI) P HR (95% CI) P
Omeprazole 373,882 18,291 (4.9%) 1.29 (1.27-1.32) <2x10716 1.59 (1.51-1.68) <2x 10716
Pantoprazole 1,775,700 59,917 (3.4%) 1.04 (1.03-1.06) 1.50 x 107! 1.90 (1.85-1.96) <2x107'°
Lansoprazole 6829 462 (6.8%) 1.37 (1.22-1.54) 9.53x 1078 1.43 (1.01-2.03) 46x 1073
Esomeprazole 49,656 1495 (3.0%) 1.12 (1.06-1.19) 1.27 x 107 1.82 (1.61-2.05) <2x107'°
Combination 679,866 25,027 (3.7%) 0.93 (0.91-0.94) <2x107'0 1.88 (1.81-1.94) <2x 10716

CI confidence interval, HR hazard ratio, PPI proton pump inhibitor, P P-value

*PPI initiation effect on dementia risk. Reference is non-initiator group. Hazard ratios (HRs) were adjusted for baseline age, sex, study entry
year, history of obesity, diabetes, hypertension, heart disease, peripheral vascular disease, coagulopathy, chronic pulmonary disease, cancer,
depression, abuse of substances or psychosis, diseases that may cause dementia, cerebrovascular disease, inflammation, infection or injury of the
nervous system, indication of proton pump inhibitors, use of antidiabetics, antihypertensives, statins, clopidogrel, anticholinergics, antiinflamma-
tory drugs, corticosteroids, antidepressants, and psycholeptics. A 1-year lag window between exposure and outcome was applied

Using weighted pooled logistic regression with adjustment for all covariates listed above and follow-up time (6-month interval) and its square
term. A 1-year lag window between exposure and outcome was applied

Table 4 Association between specific proton pump inhibitors and risk of dementia or mild cognitive impairment

PPI category Number of Number of events Initiation effect® Time-varying use effect”
individuals

HR (95% CI) P HR (95% CI) P
Omeprazole 373,882 21,329 (5.7%) 1.30 (1.28-1.32) <2x 10716 1.57 (1.49-1.65) <2x 10716
Pantoprazole 1,775,700 68,936 (3.9%) 1.04 (1.03-1.05) 6.00 x 107! 1.86 (1.81-1.91) <2x 10716
Lansoprazole 6829 526 (7.7%) 1.33 (1.19-1.49) 2.65x 1077 1.53 (1.11-2.12) 9.95% 1073
Esomeprazole 49,656 1751 (3.5%) 1.12 (1.06-1.18) 7.66 x 107> 1.73 (1.55-1.94) <2x1071°
Combination 679,866 29,347 (4.3%) 0.92 (0.91-0.94) <2x 10716 1.85 (1.79-1.91) <2x 10716

CI confidence interval, HR hazard ratio, PPI proton pump inhibitor, P P-value

“PPI initiation effect on dementia risk. Reference is non-initiator group. Hazard ratios (HRs) were adjusted for baseline age, sex, study entry
year, history of obesity, diabetes, hypertension, heart disease, peripheral vascular disease, coagulopathy, chronic pulmonary disease, cancer,
depression, abuse of substances or psychosis, diseases that may cause dementia, cerebrovascular disease, inflammation, infection or injury of the
nervous system, indication of proton pump inhibitors, use of antidiabetics, antihypertensives, statins, clopidogrel, anticholinergics, antiinflamma-
tory drugs, corticosteroids, antidepressants, and psycholeptics. A 1-year lag window between exposure and outcome was applied

"Using weighted pooled logistic regression with adjustment for all covariates listed above and follow-up time (2—year quarter interval) and its
square term. A 1-year lag window between exposure and outcome was applied

other baseline covariates of users of combined PPI types
were similar to those of other PPI type users, a distinctively
high proportion of women (61.2%) was found in the com-
bination group (Supplementary Table S4). In addition, the
combined type of users had the longest median follow-up
time of 6.8 (IQR 5.1-7.7) years among different PPI user
groups, and it was also much longer than the median follow-
up time of non-initiators (5.8 years, IQR 3.3—7.3 years). We
assumed that those differences between the combined use
and other PPI groups caused the difference in the results of
initiation effect analysis.

Taipale et al. [24] reported no association between ome-
prazole, pantoprazole, rabeprazole, or esomeprazole and the
risk of Alzheimer’s disease in their nested case-control study
(3-year lag window applied). On the contrary, lansoprazole

(HR 1.05, 95% CI 1.01-1.09) or combined use (HR 1.04,
95% CI 1.01-1.07) slightly increased the risk of Alzheimer’s
disease in their study. Another nested case-control study
by Imfeld et al. [25] also showed no association between
pantoprazole, rabeprazole, or esomeprazole intake and Alz-
heimer’s disease risk. Although the authors even presented
the protective effect of omeprazole, lansoprazole, or com-
bined use on the risk of Alzheimer’s disease, they did not
provide more detailed information on the characteristics of
each group. Therefore, we are unable to further compare
the results from those studies with our findings. In addi-
tion, those two studies examined the risk of Alzheimer’s
disease, while we additionally included other common types
of dementia in the analysis.
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A noticeable finding was that each study described a
distinctly different distribution of PPI agents in PPI users.
While pantoprazole dominated in our German study, ome-
prazole was more frequently used in the UK [25]. Com-
bined use occupied the most considerable proportion in Fin-
land [24]. It has been reported that different types of PPIs
are preferred country by country, probably due to various
healthcare systems, drug approval processes, or pharma
contracts, though no differences in therapeutic efficiency
exists between the specific agents at equivalent doses [2,
49]. Previous studies have reported cholinergic dysfunc-
tion and increased amyloid beta peptide levels by PPI use
as possible biological mechanisms [3, 4]. Despite such pos-
sible pathophysiological pathways of PPI use to the inci-
dence of dementia [3, 4], no pharmacodynamic investigation
was made to answer whether each PPI agent has a different
impact on the risk of dementia.

We conducted a sensitivity analysis restricting to the
older study population (aged 70 years or older) because the
inconclusive results in the previous studies could have been
induced due to survival bias. In other words, an underestima-
tion of dementia incidence in older survivors was possible
in the previous studies that included only elderly subjects
[37]. No evidence of increased dementia risk by PPI use
was often observed in studies in which the mean or median
age of participants was high [24, 25, 50]. Meanwhile, the
studies including a wider age range more often reported an
increased risk of dementia by PPI use [5, 7, 51]. It has been
explained in the literature that including older individuals
may attenuate the effect of risk factors, or the association
could even be protective [37]. As discussed in the litera-
ture, we found no association between PPI initiation and
risk of dementia in our older study population (Supplemen-
tary Table S7). When the outcome was defined as demen-
tia including MCI, PPI initiation even showed a protective
effect (HR 0.94, 95% CI 0.93-0.95). However, we reported
here an increased dementia risk by time-varying PPI use,
although HRs became smaller compared with the HRs of
the primary analysis, in which we included persons aged
40 years or older. On the contrary, a population younger
than 70 years showed similar results to our primary analysis
(Supplementary Table S8). Therefore, it is confirmed that
there was potential for survival bias in studies including only
older adults. Due to the non-availability of mortality data
in our dataset, however, we could not further address the
survival bias as a source of bias.

For another sensitivity analysis, we strictly defined
dementia or MCI, restricting to the diagnosis made by neu-
rologists or psychiatrists. The absolute number of outcomes
decreased to 17.1% (dementia only) and 18.8% (dementia or
MCI) compared with the number of outcomes in the primary
analysis. Nevertheless, the HR estimates for the initiation

effect and time-varying use effect were similar to those from
the primary analysis (Supplementary Table S9).

In this study, we did not compare PPIs with an active
comparator, which is histamine-2 receptor antagonists
(H2RAs), because an active comparator should have a
known safety profile concerning the outcome of interest
[52, 53]. However, it has been shown that H2RAs also may
increase the risk of dementia in previous studies. We dis-
cussed this issue in detail in our earlier report [5].

Despite the statistical approaches to mitigating bias in the
design of non-randomized studies, there could be residual
confounding. We did not adjust our models for lifestyle fac-
tors such as socioeconomic status. However, we included
available ICD-10 codes for several lifestyle factors (e.g.,
obesity and alcohol abuse). Unlike our previous study [5],
we adjusted our models for the approved indications for PPI
use in this study. It is still unclear whether treatment indica-
tions for PPIs directly or indirectly affect our outcome of
interest. However, a recent study discussed the relationship
between the risk of dementia and gastroesophageal reflux
[54]. More broadly, the association between gut—brain axis
and Alzheimer’s disease has been actively discussed in past
years [55, 56]. Therefore, we included indications for PPI
treatment in the model to minimize unmeasured confound-
ing and indication bias [57].

In our additional analysis to examine bias by unmeas-
ured confounding, we obtained an E-value of 3.10, which
means that an unmeasured confounder with a relationship
with both PPI use and dementia risk needs an effect of at
least 3.10 or RR beyond the measured confounders to revoke
the observed effect estimate. We presume that each unob-
served risk factor does not have greater RR than the calcu-
lated E-value. However, the observed effect estimate would
become smaller if more risk factors are added in the analy-
sis for model adjustment. Regarding the generalizability, as
the population of this study was from KVB dataset, which
covers 11 million people in the federal state of Bavarian in
Germany, the question of if the study population represents
the Bavarian population is redundant. The findings could
be applicable to other regions in Germany and other coun-
tries similar to Germany in terms of lifestyles and ethnic
proportions.

The study have several limitations. We had no hospitali-
zation data. Thus, there is a possible underestimation of
numbers in both exposure and outcome of interests. How-
ever, the simultaneously underestimated number of dementia
diagnoses could attenuate the influence of underestimated
PPI consumption.

Another limitation is that adherence data and OTC use
was not available due to the nature of claims data. Since
OTC data are not included, PPI users might have been cat-
egorized as non-initiator. It might cause an underestimation



of the effect of PPI use. At the same time, PPIs could have
been overestimated when the subjects took PPI on demand.
As a result, the overall influence of exposure measurement
error is expected to attenuate toward the null.

One more point to be considered is the age of study
population. While previous studies have often shown older
average age at dementia diagnosis, focusing on late-onset
dementia [24, 58], the minimum eligible age of the popu-
lation in the present study is relatively young (40 years or
older). Therefore, the results might reflect both early-onset
and late-onset dementia. Although there are other studies
including younger individuals [51, 59], late-onset demen-
tia is more common and frequently discussed in dementia
studies [58]. Thus, a careful comparison of the results is
required. Given PPIs are among the most frequently used
treatment options, the safety issue is therefore an important
consideration in clinical settings, and the findings of this
study, together with its strengths and limitations, could be a
useful source for decisions in clinical practice.

5 Conclusion

This study reports an increased risk of dementia by PPI use
in the general population and also contributes to cumula-
tive evidence by providing the comparison of results by
different definitions of exposure and outcome. Therefore,
physicians and patients are recommended to avoid overuse
of PPIs. Given the country-specific preferences for specific
PPI agents and our finding that dementia risk slightly differs
by PPI agents, comparing the effect of each PPI agent on
dementia risk is warranted in further studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40266-023-01031-7.
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