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Aim: Previous studies on the association between proton pump inhibitor (PPI) intake

and the increased risk of dementia has shown discrepancies in their conclusions. We

aimed to provide updated evidence based on extensive bias assessments and quanti-

tative sensitivity analyses.

Methods: We searched the databases PubMed, EMBASE, SCOPUS, CENTRAL and

clinicaltrials.gov for prospective studies that examined an association between PPI

use and dementia, up to February 2022. Each study was assessed using the Cochrane

risk of bias assessment tools for non-randomized studies of interventions (ROBINS-I)

or randomized trials (RoB2). Pooled risk ratios (RRs) and 95% prediction intervals

were computed using random-effects models. Sensitivity analyses were adjusted for

small-study bias.

Results: We included nine observational studies with 204 108 dementia cases in the

primary analysis on the association between PPI use vs. non-use and dementia, and

the RR was 1.16 (95% CI = 1.00; 1.35). After adjusting for small-study bias by Copas

selection model and Rücker's shrinkage procedure, the RR was 1.16 (1.02; 1.32) and

1.15 (1.13; 1.17), respectively. A subgroup analysis of PPI use vs. non-use regarding

Alzheimer's disease risk yielded an RR of 1.15 (0.89; 1.50). The secondary analysis on

the risk of dementia by use of PPI vs. histamine-2 receptor antagonist showed an RR

of 1.03 (0.66; 1.62).

Conclusion: This meta-analysis provided no clear evidence for an association

between PPI intake and the risk of dementia. Due to discrepancies in sensitivity ana-

lyses, however, some risk of dementia by PPI use cannot be ruled out. Since an

unequivocal conclusion is still pending, further research is warranted.
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1 | INTRODUCTION

1.1 | Rationale

Dementia is defined as a condition of progressively declining cognitive

and functional abilities. According to a recent study on the global bur-

den of disease,1 there were 43.8 million individuals with dementia

worldwide in 2016, and it is expected that the prevalence will increase

to 100 million by 2050. The rising prevalence of dementia is a serious

concern for patients and their families and burdens public health. It

was reported that dementia had higher health and social care costs

than cancer and chronic heart disease combined.2 Given that the age-

ing of society is expected to continue, the most efficient way to

reduce this burden, besides innovative forms of treatment, is to iden-

tify effective preventive measures.

The effect of proton pump inhibitors (PPIs) as gastric acid sup-

pressants has been well established.3 Due to their treatment success

and relatively low incidence of adverse reactions, the use of PPIs has

increased enormously worldwide over the last decades.4 Moreover,

PPIs are frequently prescribed without clear indications, and they are

available as over-the-counter medications. Patients often start a PPI

therapy during their hospitalization and do not discontinue the intake

after their discharge.5

In recent years, numerous investigations on the adverse effects

of PPIs have been conducted and researchers have reached a rela-

tively clear consensus regarding the risk of several side effects.6,7 Spe-

cifically, Clostridium difficile infection, bone fracture, major adverse

cardiovascular events, chronic kidney disease and dementia have fre-

quently been investigated as adverse effects by PPI use. Among them,

all-site fracture and chronic kidney disease showed convincing levels

of evidence in the recent systematic umbrella review by Veettil et al.7

Although plausible pathophysiological pathways of brain deterioration

associated with PPI use have been proposed,6,8 there has not been a

consensus based on the available observational studies in human

populations.9–14 While Wang et al.15 found no evidence for an associ-

ation between PPI use and dementia risk (pooled hazard ratio [HR]

= 0.98, 95% confidence interval [CI] = 0.85; 1.13) in their large meta-

analysis, another meta-analysis16 that excluded cross-sectional studies

showed an elevated dementia risk (HR = 1.29, 95% CI = 1.12; 1.49).

To our knowledge, most previous meta-analyses did not pool the

different types of effect estimates, that is, meta-analyses of HRs and

odds ratios (ORs) were performed separately. Therefore, only a small

number of studies was available for each meta-analysis. Despite the

contradictory results from previous research, the latest large observa-

tional study9 reported an increased risk of dementia associated with

PPI use, and the result has not been included in any quantitative

synthesis.

1.2 | Objective

We conducted a systematic review and meta-analysis on the question

of whether PPI intake (as compared to non-use or intake of

histamine-2 receptor antagonists [H2RAs]) is a risk factor for incident

dementia (all-cause or Alzheimer's disease), including studies with a

prospective design. We performed intensive quality assessments and

bias checks of each study using the risk of bias assessment tool for

non-randomized studies of interventions (ROBINS-I)17 that leans on

the idea of trial emulation in observational studies and the risk of bias

2 (RoB 2) tool for randomized trials.18

2 | METHODS

The study protocol was registered at PROSPERO (Registration:

CRD42020197968). This systematic review and meta-analysis was

conducted according to the PRISMA 2020 statement: an updated

guideline for reporting systematic reviews.19

2.1 | Literature search

An experienced medical librarian (E.K.) and two investigators (N.A.

and I.R.) developed search strategies and searched PubMed, EMBASE,

SCOPUS, the Cochrane Central Register of Controlled Trials

(CENTRAL) and clinicaltrials.gov from database inception until

17 February 2022, for studies that investigated the association

between PPI intake and the risk of dementia. We tailored search strat-

egies to each database and used controlled vocabulary and specific

search fields where available as well as Boolean search methods and

free-text terms. Full search strategies are provided in Box S1. We lim-

ited the search to human studies and did not use language restric-

tions. Articles were selected for full-text review based on their titles

and abstracts. We performed a hand search for additional articles

through the bibliographies of the retrieved publications to increase

the yield of potentially relevant articles. All results were downloaded

into Citavi 6 (Swiss Academic Software GmbH, Zürich), a bibliographic

database manager, and any duplicate citations were removed.

2.2 | Study selection

Two investigators (N.A. and I.R.) independently performed the title

and abstract screen, read the full texts of all identified articles to

determine whether each study met the predetermined eligibility cri-

teria and collected information assessing the methodological quality

of each included study to enter into the structured data extraction

forms. Any discrepancies between the investigators were resolved by

discussion.

Included studies in this review fulfilled the following criteria:

(1) any PPI (ATC code A02BC) use as an exposure variable; (2) inci-

dence of dementia including Alzheimer's disease as a binary outcome;

(3) prospective design, that is, cohort, nested case–control, case–

cohort and randomized controlled trial (RCT); (4) provision of effect

estimates with variances or 95% CIs; (5) articles published in peer-

reviewed journals and (6) full text available.
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Studies were excluded if the outcome was not an incidence of

dementia, for example, numeric score of the mini-mental state exami-

nation (MMSE) or if it included mild cognitive impairment.

2.3 | Data extraction and evaluation of study
quality

Data were extracted using a standardized data extraction form. Two

investigators (N.A. and I.R.) independently checked the data. For each

of the eligible studies, the following information was collected: first

author's name, publication year, country, participant demographics

including age at baseline and sex distribution, dementia diagnostic cri-

teria, adjusted confounding variables, types of PPIs, mean/median

duration of follow-up where available, definition of the comparison

group (PPI non-use or H2RA [ATC code A02BA] use) and confounder-

adjusted effect estimates (HRs, ORs, or risk ratios [RRs]) with 95% CIs

(Table 1).

We used the ROBINS-I tool17 to evaluate the methodological

quality of observational studies. The overall risk of bias judgement

was categorized into low, moderate, serious, critical or no information

according to the judgement of the seven bias domains: (1) bias due to

confounding; (2) bias in selection of participants into the study; (3) bias

in classification of interventions; (4) bias due to deviations from

intended interventions; (5) bias due to missing data; (6) bias in mea-

surement of outcomes and (7) bias in selection of the reported result.

In contrast to other quality assessment tools, the ROBINS-I tool con-

siders each observational study as an attempt to emulate a hypotheti-

cal randomized trial. Thus, various types of bias in study design, that

is, post hoc exclusion of certain participants or inappropriate time

points of confounder measurement, become transparent. To evaluate

the methodological quality of an RCT, we used the RoB2 tool.18

2.4 | Data synthesis and statistical analysis

During the data synthesis for meta-analysis, we further excluded a

study,20 which was assessed as ‘critical’ in its risk of bias by the

ROBINS-I tool according to the recommendation from developers of

the tool.17 If multiple studies were reported on the same dataset, we

included the one with the largest number of cases. Therefore, the

study by Chen et al.10 was included in our primary analysis among

four Taiwanese studies that had the same data source (Longitudinal

Health Insurance Database 2000).10,21–23 An RCT by Moayyedi

et al.24 was included in the systematic review but not in the meta-

analysis due to high risk of bias (Table S2).

Our primary interest was the association between PPI use vs.

non-use and the risk of dementia. This association has been reported

as HRs, ORs or RRs in the literature. Since dementia is not considered

as a rare event (10% is often used as a cut-off) in our primary

analysis,25 we derived optimal analytic conversions of ORs and HRs to

RRs using the transformation forms for a common outcome that were

proposed by VanderWeele.26 As a sub-analysis, we evaluated the

association between PPI use and risk of Alzheimer's disease exclu-

sively. Additionally, we compared the incidence of dementia in PPI

users and H2RA users.

The Hartung–Knapp–Sidik–Jonkman random-effects meta-

analysis approach with restricted maximum likelihood (REML) variance

estimation was used to combine study-specific log RRs with the

empirical Bayes estimator for the between-study variance.27 The 95%

CIs from the random-effects model include highly probable values for

the mean RR.28 The 95% prediction interval estimates an interval in

which the RR is to be expected in 95% of future studies conducted

under similar conditions factoring in the variability of the effect over

different settings.28 Due to the large heterogeneity in our meta-analy-

sis, we report the different properties of a measure of heterogeneity:

(1) a percentage of total variability (I2) and (2) between-study variabil-

ity (τ2), which is measured on an outcome scale [0, ∞). The Cochran Q

statistic was used to test for heterogeneity.29 Heterogeneity was

additionally examined by estimating the proportion of studies with

evidence for a meaningful effect (using thresholds for a mean RR of

≥1.1 and ≥1.2) and the estimated proportion of studies with a protec-

tive effect, that is, RR <1.0.30

The random-effects meta-analysis was stratified by study quality

(ROBINS-I risk of bias: moderate vs. serious), study design (prospec-

tive cohort vs. nested case–control), geographical region (Asia, Europe

or United States), assessed effect (assignment vs. starting and adher-

ing), type of outcome data (claims data vs. diagnosis protocol), the

minimum age at baseline (<65 vs. ≥65 years), and study size (number

of events <10 000 vs. ≥10 000). We did not perform meta-regression

to identify sources of heterogeneity because it is recommended only

if 10 or more studies are included.31

We implemented several bias analyses to examine possible

effects by small studies and selective publication.32,33 We assessed

publication bias and small-study effects (funnel plot asymmetry) using

the regression-based tests proposed by Egger, the trim-and-fill

method, and the Copas selection model.33,34 By using the Rücker

regression-based shrinkage estimator, we further examined the pres-

ence of a small-study effect, assessed the random-effect estimate

adjusted for small-study bias and checked remaining heterogeneity

(G2) after small-study effects were accounted for.33,34 We further

conducted leave-one-out and influence analysis and drew a Baujat

plot to detect outliers and recalculate random-effect estimates with-

out influential studies.35

Random-effects meta-analysis of observational studies can pro-

duce biased estimates of pooled effect sizes if the synthesized individ-

ual studies are subject to unmeasured confounding or selection

bias.32 Thus, we further conducted sensitivity analyses for a random-

effects meta-analysis restricted to studies with better quality (n = 2)

because the stratified analysis by study quality showed a possible

source of heterogeneity. The approach to sensitivity analysis is a

meta-analytic extension of the E-value, a widely used metric quantify-

ing the minimum strength of association that an unmeasured con-

founder would need to have with the exposure and the outcome on

the relative risk scale to fully account for an observed exposure–

outcome association beyond the measured covariates.32 We also used
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an upper–lower bounding factor approach to selection bias to deter-

mine the strength of selection on the relative risk scale that would be

necessary to explain away the mean relative risk.32,36

To assess whether the exclusion of the study with critical risk of

bias altered the results of the meta-analyses, we re-performed the

meta-analyses, including all eligible studies with any level of risk

of bias.

We performed the analysis using R (version 4.1.0, Foundation for

Statistical Computing, Vienna, Austria) using the E-value, meta, meta-

phor, metasens, MetaUtility and dmetar packages.

3 | RESULTS

3.1 | Systematic review and qualitative assessment

Our search strategy identified 3162 articles of which 1237 were

excluded as duplicate publications and a further 1888 were excluded

after the title and abstract review (Figure 1). A manual search of the

bibliographies identified no other relevant publications. The remaining

39 articles underwent a full-text review, after which 25 were excluded

for the reasons described in Figure 1. Studies with cross-sectional/

case–control design37–39 and a study that compared the risk of

dementia in short-term PPI users and long-term PPI users40 did not fit

our protocol. Eight studies did not present dementia as an outcome

but only reported a combined outcome of dementia plus mild cogni-

tive impairment or cognitive function.41–48 Another study that pro-

vided effect estimates without variances or 95% CIs49 and one that

used PPIs as comparator to assess cognitive decline50 were not incor-

porated in our systematic review.

For the 14 eligible studies, we assessed the risk of bias using the

ROBINS-I tool for observational studies and RoB 2 tool for an RCT.

Details of the assessments are provided in Tables S1 and S2, respec-

tively. We excluded a Spanish observational study and the RCT that

were judged to have critical/high risk of bias from our quantitative

synthesis. In total, nine cohorts from eight publications were included

in the primary analysis to compare the risk of all-cause dementia in

PPI users and non-users. Five cohorts from five publications were

incorporated in a sub-analysis restricted to Alzheimer's disease. Three

cohorts from three publications were included in the secondary analy-

sis to compare the risk of dementia in PPI and H2RA users.

A total of 3 302 778 individuals were included in our primary

analysis. There were 839 940 PPI users and 2 462 838 non-users.

Overall, 204 108 (6.2%) individuals were diagnosed with dementia

showing discrepancies in incidence rates between studies. The studies

by Hwang et al.51 and Ahn et al.9 presented low incidence rates of

1.9% and 2.1%, respectively. However, other studies showed demen-

tia as a common outcome (incidence rate range = 19.9%–50.0%).

Among the nine included cohorts, two were conducted in Asia, six in

Europe and one in the United States. The quality of the studies

assessed by the ROBINS-I tool was moderate for two studies and seri-

ous for seven studies. The age ranges of study participants were pre-

sented in different ways across the studies, that is, mean, median orT
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minimum. Detailed characteristics of the included studies are shown

in Table 1.

3.2 | Meta-analysis

The primary meta-analysis provided no evidence for an association of

PPI intake vs. non-intake and all-cause dementia (RR = 1.16; 95%

CI = 1.00; 1.35) (Figure 2). There was substantial heterogeneity

between the studies (Cochran Q test P < .0001, I2=99%). Based on

the point and τ2 estimates from the random-effects model, we esti-

mated that 61.6% (95% CI=54.5%; 68.8%) and 42.0% (95%

CI=36.8%; 47.2%) of all effect estimates would have RRs above 1.1

and 1.2, respectively. We further estimated that 20.1% (5.6%; 34.6%)

of all studies would have RRs smaller than 1.0. The 95% prediction

interval for the RR was 0.72–1.86; this additionally suggests, with high

probability, that a new RR estimated from the population will include

1. When the meta-analysis was stratified by study quality, study

design, geographic region, assessed effect, type of outcome data, the

minimum age at baseline and study size, we found a difference in the

F IGURE 1 Flowchart of studies
selected for systematic review and meta-
analysis
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result with regard to study quality, study design, assessed effect and

type of outcome data (all Cochran Q P-values < 0.0001) (Table 2).

In the sub-analysis including 3 109 769 individuals, we did not

identify a difference in the risk of Alzheimer's disease between PPI

users and non-users (RR = 1.15, 95% CI = 0.89; 1.50) (Figure 3). Like-

wise, the secondary random-effects meta-analysis of 847 399 partici-

pants showed no association between dementia risk and PPI use vs.

H2RA use (RR = 1.03, 95% CI = 0.66; 1.62) (Figure 4).

3.3 | Sensitivity and bias analysis

We performed several sensitivity and bias analyses for our primary

analysis that compared the dementia risk between PPI users and non-

users. There was no evidence for publication bias using analysis of

funnel plot asymmetry by the Egger test (P = .32) (Figure S1). We

used the trim-and-fill method, the Copas selection model and Rücker's

shrinkage procedure to examine small-study bias (Table S3). The trim-

F IGURE 2 Forest plot from random-
effects meta-analysis of studies on the
risk of dementia and the use of proton
pump inhibitors compared to non-use.
Study-risk ratios (RRs) are represented by
squares (with their 95% confidence
interval [CI] as error bars).RRs were
combined using a Hartung–Knapp–Sidik–
Jonkman random-effects model, yielding a

mean RR and its 95% confidence interval
and 95% prediction interval. Two-sided P-
value for between-study heterogeneity
based on Cochran Q statistic.

TABLE 2 Subgroup meta-analyses of PPI intake and dementia

Subgroup No. of studies RR (95% CI) I2 (%) τ2 Pb

Study quality (ROBINS-I)a <0.0001

Moderate 2 1.54 (1.12–2.13) 2.9 0.0002

Serious 7 1.07 (0.93–1.24) 97.4 0.0217

Study design <0.0001

Prospective cohort 6 1.36 (1.19–1.55) 84.7 0.0094

Nested case–control 3 0.96 (0.84–1.10) 96.4 0.0029

Geographic region 0.8158

Asia 2 1.26 (0.23–6.76) 22.1 0.0095

Europe 6 1.15 (0.92–1.45) 99.2 0.0460

United States 1 1.15 (0.92–1.45) – –

Assessed effect <0.0001

Assignment effect 4 0.97 (0.89–1.05) 94.6 0.0028

Starting and adhering effect 5 1.38 (1.20–1.58) 86.9 0.0083

Type of outcome data <0.0001

Claims data 4 1.39 (1.14–1.70) 89.9 0.0096

By diagnosis protocol 5 0.99 (0.87–1.14) 93.6 0.0054

Minimum age at baseline (years) 0.6993

<65 3 1.20 (0.65–2.24) 99.4 0.0597

≥65 6 1.13 (0.93–1.37) 97.8 0.0306

Number of events 0.3719

<10 000 4 1.25 (1.03–1.53) 0.0 0.0000

≥10 000 5 1.13 (0.85–1.50) 99.4 0.0512

aROBINS-I tool: risk of bias tool to assess non-randomized studies of interventions.
bTwo-sided P-value was calculated using Q test for subgroup differences.
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and-fill method mirrored five cohorts included in a pooled analysis of

nine cohorts. The mean RR and 95% CI from the analysis using the

trim-and-fill method agreed with our primary finding, but the results

by the Copas selection model (RR = 1.16, 95% CI = 1.02; 1.32) and

Rücker's shrinkage procedure (RR = 1.15, 95% CI = 1.13; 1.17)

showed discrepancies. The adjusted point estimates by those two

methods were comparable, but the 95% CI was much narrower when

Rücker's shrinkage procedure was applied. The heterogeneity esti-

mated by Rücker's shrinkage method (G2) was 97.4%. The plots from

the Copas selection model did not show that the estimated treatment

effect decreases if the degree of selection increases, nor presented

evidence for unexplained selection, as indicated in a plot not crossing

the P= .1 line (Figure S2). In our leave-one-out analyses (Table S4),

we did not find a remarkable difference in effect estimate or hetero-

geneity by omitting one study at a time. However, the Baujat plot

identified that the study by Imfeld et al.13 had the largest influence on

the effect estimate and the study by Ahn et at.9 made the biggest

contribution to overall heterogeneity (Figure S3). In the analysis

excluding three detected outliers, the recalculated random-effect

showed an increased dementia risk by PPI use (RR=1.19, 95%

CI=1.03; 1.38) (Figure S4).

We performed additional bias analyses restricted to the studies

with moderate risk of bias (n = 2), that is, studies of better quality. In

the analysis for unobserved confounding, an unobserved confounder

would have to be associated with a 2.45-fold increase in the risk of

PPI intake and dementia, above and beyond the measured con-

founders to explain the mean RR of 1.54 (95% CI = 1.12; 2.13). To

shift the lower CI limit (i.e., 1.12) to the null, the unobserved con-

founder would need to be related with an RR of 1.49 with PPI intake

and dementia. By calculating the lower bounding factor √(1/1.54)

+ √(1/1.54 � √(1/1.54)) = 1.78, we concluded that unaccounted for

selection variables would have to be related to PPI use and dementia

with a relative risk of 1.78 to produce an observed RR of 1.54 if the

true RR were equal to 1.0.

In the last sensitivity analysis, where we repeated meta-analyses

including the study with critical risk of bias, no noticeable differences

were observed in the risk of overall dementia and Alzheimer's disease,

showing an RR of 1.15 (95% CI = 1.00;1.31) and an RR of 1.13 (95%

CI = 0.93; 1.38), respectively (Figures S5 and S6).

4 | DISCUSSION

The present meta-analysis including 3 302 778 individuals from nine

observational cohorts did not indicate that PPI use increases the risk

of dementia. PPIs are among the most widely used medications and

F IGURE 3 Forest plot from random-effects meta-analysis of studies on the risk of Alzheimer's disease and the use of proton pump inhibitors
compared to non-use.Study-risk ratios (RRs) are represented by squares (with their 95% confidence interval [CI] as error bars).RRs were combined
using a Hartung–Knapp–Sidik–Jonkman random-effects model, yielding a mean RR and its 95% confidence interval and 95% prediction interval.
Two-sided P-value for between-study heterogeneity based on Cochran Q statistic.

F IGURE 4 Forest plot from random-effects meta-analysis of studies on the risk of dementia and the use of proton pump inhibitors compared
to histamine-2 receptor antagonists use.Study-risk ratios (RRs) are represented by squares (with their 95% confidence interval [CI] as error bars).
RRs were combined using a Hartung–Knapp–Sidik–Jonkman random-effects model, yielding a mean RR and its 95% confidence interval and 95%
prediction interval. Two-sided P-value for between-study heterogeneity based on Cochran Q statistic.
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are often prescribed to older adults.4 Therefore, any clinically mean-

ingful effect of PPI intake on dementia risk can bring significant public

health implications. Compared to previous systematic reviews and

meta-analyses, one recently published claims data study9 was addi-

tionally included in our meta-analysis. To our knowledge, this is the

first meta-analysis to include studies with prospective designs asses-

sing the association of PPI use and the incidence of dementia, restrict-

ing the outcome to the incidence of dementia rather than additionally

including mild cognitive impairment42,43,46 or deteriorated cognitive

function scores.37 The present systematic review is also the first to

apply the ROBINS-I tool.

A previous systematic review and meta-analysis by Zhang et al.16

summarized six available prospective cohorts on the association of

PPI intake and increased dementia risk. This meta-analysis provided a

mean HR of 1.29 (1.12; 1.49). However, one study44 which was

included in this meta-analysis had MMSE and clock drawing test

(CDT) scores as outcomes instead of a diagnosis of dementia as a

binary outcome.

By comparison, a pooled analysis of six different cohorts52

reported a mean HR of 1.16 (95% CI = 0.86; 1.47). However, the

Taiwanese study by Tai et al.,22 which presented an increased risk of

dementia by PPI use, was excluded from this analysis without proper

explanation, although it had been included in previous meta-ana-

lyses.16,53 Instead, the authors included the RCT by Moayyedi et al.24

in their meta-analysis. This RCT was also part of the latest meta-analy-

sis.15 However, we judged the risk of bias of the RCT as high

(Table S2) and did not include it in our quantitative synthesis.

A recent meta-analysis with five studies54 found a pooled HR of

1.17 (95% CI = 0.91; 1.49). The authors assessed the risk of bias of

each study using the risk of bias assessment tool for non-randomized

studies (RoBANS).55 They included the studies with a high risk of con-

founding in quantitative synthesis, while we used the ROBINS-I tool

for the risk of bias judgement and excluded the study with critical risk

of bias as the developers of the tool recommended (Table S1).17

We did not consider mild cognitive impairment as an outcome of

interest based on a meta-analysis that assessed reversion rates from

mild cognitive impairment to normal cognition.56 It showed an overall

reversion rate of approximately 18% depending on subject-based fac-

tors such as recovery from illness, differing measurements and varia-

tions in cut-off scores that were used to diagnose mild cognitive

impairment. Therefore, the study by Goldstein et al.43 was not

included in our analysis, although it had frequently been included in

previous meta-analyses on this topic. For the same reason, two very

recent studies from Israel46 and the UK42 were not eligible for our

analysis.

Concerns about our meta-analysis include the considerable het-

erogeneity between studies and small-study bias. Statistical heteroge-

neity and small-study effect are known as two major issues affecting

the validity of meta-analyses.34 Although heterogeneity in our primary

analysis is substantial (I2 =99%), it is consistent with the ones from

previous meta-analyses by Wang et al. (I2 =98.5%),15 Khan et al.

(I2 =96%),53 Desai et al. (I2 =93%)52 and Yoon et al. (I2 =91%).54 If

the studies become very large, the sampling error tends to null and I2

comes close to 1. On the other hand, a description of the underlying

between-study variability can best be obtained by estimating the

between-study variance, τ2.29 In our primary analysis, τ2 was 0.0358,

which was lower than that observed in another big meta-analysis by

Khan et al. (τ2=0.07).53 Other previous meta-analyses did not provide

τ2. When it comes to the quantified heterogeneity by Rücker's method

(G2), it was 97.4%, which means that there is still unexplained variance

after adjustment for small-study bias.34 We assume that the heteroge-

neity was caused by the large studies that had very different point

estimates, and it was confirmed by the Baujat plot for detecting out-

liers (Figure S3).9,13 After excluding the outliers that had a substantial

influence on the overall result or overall heterogeneity in the influ-

ence analysis, the heterogeneity became smaller (I2 =96%,

τ2=0.0149) (Figure S4).

Due to the substantial heterogeneity, we estimated the metrics

proposed by Mathur and VanderWeele.30 It showed that 61.6% of all

true RRs would be larger than 1.1, and 42.0% of all true RRs would be

larger than 1.2. In the leave-one-out analysis, no notable changes in

heterogeneity or effect estimate were observed (Table S4). Interest-

ingly, the heterogeneity differed remarkably by stratification in the

subgroup analysis (Table 2). In particular, τ2 was close to 0 in sub-

groups when the studies were stratified by study design (prospective

cohort and nested case–control) and assessed effect (assignment

effect, starting and adhering effect). More studies are necessary to

investigate the source of the heterogeneity.

Concerning the small-study effect, it cannot easily be separated

from heterogeneity. Instead, it can be interpreted as a special case of

heterogeneity.33,34 We performed several sensitivity analyses to

adjust for small-study bias. We could not see the increased dementia

risk by PPI intake (RR = 0.97, 95% CI = 0.82; 1.15) when we used the

trim-and-fill method. However, we found an increased risk of demen-

tia by PPI intake when the Copas selection model (RR = 1.16, 95%

CI = 1.02; 1.32) and Rücker's shrinkage procedure (RR = 1.15, 95%

CI = 1.13; 1.17) adjusted the small-study bias. It is known that the

Copas selection model and Rücker's shrinkage method perform better

with regard to the properties of parameter estimation.33 Therefore,

these discrepancies deserve to capture more attention. In fact, we

could observe an increased risk of dementia by PPI use when we

restricted the analysis to the studies with better quality (ROBINS-I:

moderate), better study design (prospective cohort study) or effect of

long-term use of PPIs (starting and adhering effect) (Table 2). Besides,

an influence analysis that was used to recalculate the random-effect

estimate excluding the outliers presented an increased dementia risk

by PPI use (Figure S4).

The limitations of our meta-analysis derive from the design and

analytic methods of each non-randomized observational study. Bias

arises from the selection of participants if enrolment is influenced by

the exposure and the outcome of interest. For example, some studies

did not clearly show whether the exposure to PPI was new

use.11,13,14,57 Therefore, we could not rule out prevalent user bias that

could have attenuated true effect sizes. Individuals were often

excluded instead of being censored due to only one assured dementia

diagnosis record11 or diagnosis during the lag window.14,51 Also,
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several studies excluded individuals with cancer records.10,22,23

Despite the possible selection bias, only one study9 used inverse

probability weighting as the ROBINS-I tool17 recommended strategy

to adjust for the bias.

The presence of competing risk of death also could have induced

bias in the context of survival, that is, an underestimation of dementia

incidence.58 In fact, the mean or median age of participants from six

cohorts11–14,57 in our primary analysis was 75 years or older, and four

of them reported no evidence of increased dementia risk by PPI

use.12–14 In dementia cohort studies, truncation of follow-up by death

could introduce interval censoring, which occurs because the diagno-

sis of dementia can only be made at follow-up visits, and it could

weaken the effect of the exposure to PPIs on the dementia risk. In the

literature, it has been pointed out that the increased age of partici-

pants apparently causes attenuation of the effect of risk factors, or

the association even becomes protective.58

Another issue is a bias due to confounding by controlling for

post-intervention variables that could have been affected by the

intervention.13,14 Moreover, lifestyle factors such as smoking sta-

tus13,14,51 or genetic factors such as APOE-ε457 were partially con-

trolled, although these are accepted dementia risk factors. Due to the

possible bias by unmeasured confounding, we examined the E-value,

restricting the analysis to studies of better quality (n = 2). We

obtained an E-value of 2.45, which indicates that an unmeasured con-

founder would have to be associated with a 2.45-fold increase in the

risk of dementia and PPI intake, above and beyond the measured con-

founders to explain the mean RR of 1.54 (95% CI = 1.12; 2.13). To

shift the lower CI limit (i.e., 1.12) to the null, the unobserved con-

founder would need to be related to an RR of 1.49 with PPI intake

and dementia. In this case, the estimate seems moderately robust, but

substantial confounder associations with PPI intake and dementia

could potentially move the confidence interval to include 1.32

Although we found conflicting results in the primary analysis and

sensitivity analyses, we tried to mitigate the risk of bias in our analysis

by conducting a structured risk of bias assessment and excluding the

studies with critical or high risk from the analysis. Unfortunately, there

were only two studies with better quality (ROBINS-I: moderate),

which makes it hard to restrict the analyses to studies with a higher

quality only. This problem was also discussed in the recent umbrella

review on the adverse health outcomes by PPI intake.7 To our knowl-

edge, nevertheless, this is the largest meta-analysis on the association

between PPI use and the risk of dementia, and several rigorous statis-

tical approaches were used for sensitivity analyses.

5 | CONCLUSION

In conclusion, this systematic review and meta-analysis provided no

clear evidence that PPI use raises the risk of dementia. Yet, this does

not mean that there is no clinical implication of PPI use on the risk of

dementia. PPI therapy should always be provided with a planned

treatment strategy according to appropriate indications and guideline

recommendations. Due to the discrepancies between the primary and

sensitivity analyses and the lack of well-performed research, better-

designed subsequent studies are warranted for more reliable

evidence.
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