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Abstract

Background and Aims

Proton pump inhibitors (PPIs) have been associated with adverse clinical outcomes

amongst clopidogrel users after an acute coronary syndrome. Recent pre-clinical results

suggest that this risk might extend to subjects without any prior history of cardiovascular dis-

ease. We explore this potential risk in the general population via data-mining approaches.

Methods

Using a novel approach for mining clinical data for pharmacovigilance, we queried over 16

million clinical documents on 2.9 million individuals to examine whether PPI usage was as-

sociated with cardiovascular risk in the general population.

Results

In multiple data sources, we found gastroesophageal reflux disease (GERD) patients ex-

posed to PPIs to have a 1.16 fold increased association (95% CI 1.09–1.24) with myocardial

infarction (MI). Survival analysis in a prospective cohort found a two-fold (HR = 2.00; 95%

CI 1.07–3.78; P = 0.031) increase in association with cardiovascular mortality. We found

that this association exists regardless of clopidogrel use. We also found that H2 blockers,

an alternate treatment for GERD, were not associated with increased cardiovascular risk;

had they been in place, such pharmacovigilance algorithms could have flagged this risk as

early as the year 2000.

Conclusions

Consistent with our pre-clinical findings that PPIs may adversely impact vascular function,

our data-mining study supports the association of PPI exposure with risk for MI in the

PLOSONE | DOI:10.1371/journal.pone.0124653 June 10, 2015 1 / 16

OPEN ACCESS

Citation: Shah NH, LePendu P, Bauer-Mehren A,

Ghebremariam YT, Iyer SV, Marcus J, et al. (2015)

Proton Pump Inhibitor Usage and the Risk of

Myocardial Infarction in the General Population. PLoS

ONE 10(6): e0124653. doi:10.1371/journal.

pone.0124653

Academic Editor: Yiru Guo, University of Louisville,

UNITED STATES

Received: January 9, 2015

Accepted: March 17, 2015

Published: June 10, 2015

Copyright: © 2015 Shah et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any

medium, provided the original author and source are

credited.

Data Availability Statement: The data in

consideration are electronic medical records of

patients at Stanford university, and medical records of

a subset of patients at Practice Fusion. Current

patient privacy rules do not allow sharing of electronic

medical records without an explicit IRB review. The

authors can make access to de-identified data

available after appropriate approvals. Contact: Nigam

Shah, nigam@stanford.edu.

Funding: PL, ABM, NHS and SVI acknowledge

support from the NIH grant U54HG004028 for the

National Center for Biomedical Ontology, NLM grant

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0124653&domain=pdf
http://creativecommons.org/licenses/by/4.0/


general population. These data provide an example of how a combination of experimental

studies and data-mining approaches can be applied to prioritize drug safety signals for

further investigation.

Introduction

The primary indication for proton pump inhibitors (PPIs) is gastroesophageal reflux disease

(GERD). Each year, it is estimated that over 113 million PPI prescriptions are filled globally.

This, together with over-the-counter use, accounts for over $13 billion sales worldwide [1] [2].

In the US alone, about 21 million people used one or more prescription PPIs in 2009, making it

the third highest seller in the country [3][2]. The availability of PPIs over-the-counter is partic-

ularly more worrisome due to the absence of medical supervision [1].

For individuals with a history of acute coronary syndrome (ACS), PPIs appear to reduce the

efficacy of clopidogrel, an antiplatelet agent used to reduce the risk for subsequent ischemic

events [4]. There are several competing theories about whether (and how) PPIs enhance the

risk of major adverse cardiovascular events (MACE) amongst individuals with a history of

ACS.[5–10] A leading hypothesis is that PPIs compete for and inhibit the clopidogrel-activat-

ing hepatic isoenzyme, CYP2C19, thereby interfering with clopidogrel’s capacity to prevent

clot formation in subjects at risk for coronary thrombosis and myocardial infarction (MI).[11]

However, some studies have associated PPI usage with adverse clinical outcomes in high-

risk cardiovascular populations, independently of clopidogrel use.[7] For example, a reduction

in therapeutic benefit has been reported in ACS patients treated with the antiplatelet agents as-

pirin and ticagrelor, neither of which requires activation by CYP2C19. [12, 13] While it is pos-

sible that PPIs may reduce the absorption of these drugs (a controversial hypothesis given that

PPIs have been shown not to diminish the anti-platelet aggregation properties of aspirin [14,

15]), it is important to note that a similar reduction in gastric pH is achieved with H2 blockers

(H2Bs), which have been shown not to increase cardiovascular risk [12, 13].

An alternative explanation is that the observed risk of PPIs is due to some unknown mecha-

nistic pathway [12], and that this pathway may not be restricted to vasculopathic patients. In

this regard, we recently reported that PPIs inhibit the enzymatic activity of dimethylarginine

dimethylaminohydrolase (DDAH), [16] which is responsible for 80% of the clearance of asym-

metric dimethylarginine (ADMA)—an endogenous molecule known to inhibit the enzymatic

activity of nitric oxide synthase (NOS).[17] An impairment in endothelial NOS (eNOS) is well-

known to increase vascular resistance, and promote inflammation and thrombosis.[18] ADMA

is a potent disease marker and independent predictor of MACE in prior observational studies.

[19–24] Our recent pre-clinical studies found that PPIs increase ADMA levels in human endo-

thelial cells and in mice by about 20–30%.[16]

To date, we are aware of only one study which has examined the cardiovascular risk associa-

tion of PPIs outside of high-risk cohorts [25]. This is a concern given our translational data,

which suggests that the risk of these drugs may apply to subjects not taking antiplatelet agents,

and those without any vascular disease. Therefore, we employed a novel and recently validated

[26, 27] data-mining approach for pharmacovigilance on multiple electronic medical record

datasets as well as examined a prospectively followed clinical cohort [28, 29], to explore the

possibility that PPIs may be associated with cardiovascular risk in the general US population.
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Methods

The data mining studies were deemed by the Stanford IRB not to involve human patients. The

Stanford GenePAD study was approved by the Stanford Human Subjects Research Institution-

al Review Board and was conducted under the guidelines of the Declaration of Helsinki, with

written informed consent was obtained from all participants.

Data sources

We used two data sources for our data mining analysis—a primary source from Stanford and a

secondary source from Practice Fusion, Inc—and one prospective source for the

survival analysis.

At Stanford University, all clinical notes (both inpatient and outpatient) have been tran-

scribed and recorded electronically since 1994. These data are warehoused for research use in

the Stanford Translational Research Integrated Database Environment (STRIDE).[30] STRIDE

contains data from 1.8 million patients, 19 million encounters, 35 million coded International

Classification of Disease (ICD-9) diagnoses, and a combination of pathology, radiology, and

transcription reports totaling over 11 million unstructured clinical notes.

Practice Fusion, Inc. (PF) provides a free, web-based Electronic Health Record (HER) sys-

tem for clinicians. The company’s users are primarily small practices providing outpatient

care. Roughly, half of these practices specialize in primary care, with 29% of users from the

West, 13% from the Southwest, 14% fromMidwest, 27% from the Southeast, and 18% from the

Northeast. The de-identified subset of PF data used in our analysis contained data on 1.1 mil-

lion patients, 5.5 million coded diagnoses, 6.8 million prescriptions, and 5.5 million unstruc-

tured clinical notes dating back to 2007.

Additionally, we examined the association of PPI use at enrollment with subsequent cardio-

vascular mortality in the GenePAD (the Genetic Determinants of Peripheral Arterial Disease)

[28, 29] study. The GenePAD cohort is comprised of individuals who underwent an elective,

non-emergent coronary angiogram for angina, shortness of breath or an abnormal stress test at

Stanford University or Mount Sinai Medical Centers. Cardiovascular mortality was defined as

that from myocardial infarction, cardiac arrest, stroke, heart failure or aneurysm rupture. Car-

diovascular outcomes were assessed through medical record review and confirmed by contact-

ing the patient or next of kin directly. This form of dual follow-up was specifically

implemented to limit detection bias from differential frequencies in physician contact between

groups. Finally, all deaths were confirmed and cross-referenced to the SSDI to minimize detec-

tion bias. The study cohort commenced in 2004 and included 1,503 individuals.

Data-mining pipeline for pharmacovigilance

We used a previously validated data-mining pipeline for pharmacovigilance using clinical data

[26] [31] to screen whether the exposure to proton pump inhibitors is associated with an ele-

vated risk of myocardial infarction in the general population. Note that such a data-mining

procedure is not the same as performing an epidemiological study. The difference between per-

forming an epidemiological study and a data-mining study is categorically described in [32].

Briefly, data-mining approaches focus on learning a valid function f(x)—which is modeled as

an algorithm that operates on variables (x) to predict the responses (y). The linking function f

(x) in a data-mining study can be a regression, but cannot, and should not, be interpreted as a

causal regression model which is typically the goal of an epidemiological study.

The validation of data-mining approaches is performed by measuring predictive accuracy

and is widely adopted in computer science [33], and increasingly in economics [34]. Our data-

mining approach, which aims to minimize false positives, has 97.5% specificity and 39%
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sensitivity in discerning a true association as determined using a gold standard set of 28 true

positive and 165 negative associations spanning 78 drugs and 12 different outcomes [35]. This

performance provides an accuracy of 89% and has a positive predictive value of 81% if we test

an equal number of true and false associations. We summarize the approach briefly, and fur-

ther details are provided in LePendu et al [26].

The pipeline extracted positive-present mentions of drug, disease, device, and procedure

concepts from all clinical notes, accounting for negation and other contexts, into a patient–fea-

ture matrix that we analyzed. Drug terms were normalized to active ingredients using RxNorm,

and classified according to the Anatomical Therapeutical Chemical classification system. For

example, “Prilosec” and “omeprazole” were treated equally; while omeprazole, rabeprazole,

and so on were grouped together as the class of PPIs. Disease terms were normalized and ag-

gregated according to the hierarchical relationships from the Unified Medical Language System

Metathesaurus and BioPortal. Finally, we aligned records temporally based on the time at

which each note was recorded and only kept positive-present–first mentions. The matrix (for

STRIDE) comprises nearly a trillion pieces of data—roughly, 1.8 million patients as rows, thou-

sands of clinical concepts as columns, with time as the third dimension (see Fig 5 in LePendu

et al [26]).

Patient population and outcome definition. GERD is the primary indication for PPIs, so

we used the presence of this indication to define the baseline population in our pipeline. We ex-

cluded all patients under the age of 18 at their first GERD mention. We defined GERD by In-

ternational Classification of Diseases, Ninth Revision (ICD-9) codes for esophageal reflux

(530.81) and heartburn (787.1), and the UMLS code for gastroesophageal reflux disease

(C0017168). The main outcome of interest, MI, was defined by acute myocardial infarction

(ICD-9 code 410), and more than 18 different UMLS codes including myocardial infarction

(C0027051) and silent myocardial infarction (C0340324). See S1 Table for full definitions.

Study groups and study periods. The study period included all data from 1994 through

2011 in STRIDE and 2007 through 2012 in PF. We defined two study groups within the GERD

baseline population in this period. The primary study group was the subset defined by patients

taking PPIs, including a sub-group of those patients who were not on clopidogrel. We consid-

ered six PPIs (omeprazole, lansoprazole, pantoprazole, esomeprazole, rabeprazole, and dexlan-

soprazole) individually and as a class. We excluded dexlansoprazole from individual analysis

because of insufficient exposure (<100 patients). As an alternative treatment for GERD we ex-

amined H2 blockers (H2Bs—cimetidine, famotidine, nizatidine, and ranitidine) as a separate

association test.

Association estimation. The summary of the data-mining pipeline shown in the S1 Fig

outlines the decisions used in the data-mining pipeline to populate a contingency table for each

of the associations tested. Each patient was counted according to the temporal ordering of con-

cepts in the patient–feature matrix as described in LePendu et al [26]. For example, a mention

of PPI use after a GERD indication would be counted as an exposure. A subsequent mention of

MI counts as an associated outcome. Our data-mining method works based on “beforeness” of

treatments and events and given the uncertainty the exact times of treatment and the messy

EMR data used, we follow a two-step process for detecting drug safety signals (details in meth-

ods of LePendu et al) [26]. First we compute a raw association, followed by adjustment which

involves matching on age, gender, race, length of observation, and, as proxies for health status,

the number of unique drug and disease concepts mentioned in the full record. The first step is

useful for flagging putative signals, and the second step in reducing false alarms. As in prior

work, we attempted to match up to 5 controls. In cases where there are not enough controls to

draw from, we tried either 1:3 or finally 1:1 matching (Table 1). The balance of variables before

and after matching for the PPI study group is shown in Table 2. The balance of variables for

PPIs Associated with MI

PLOS ONE | DOI:10.1371/journal.pone.0124653 June 10, 2015 4 / 16



the H2Bs study group is shown in Table 3. Note that the purpose of this matching is to reuse our

validated two-step data-mining approach from LePendu et al [26] and not emulate an epidemio-

logical study from the EMR data. In each of the two steps, we compute the odds-ratio as well as

confidence interval (CI) using logistic regression and use a significance cutoff of p-value< 0.01.

Survival analysis in a prospective cohort

For all survival analyses in the GenePAD cohort, the follow-up time was defined as the period

between the enrollment interview and the last confirmed follow-up or date of death. Cox pro-

portional hazards models were used to calculate adjusted and unadjusted hazard ratios (HR)

and 95% CI for the association of PPI use with cardiovascular mortality. Adjusted models in-

cluded age, gender, race, total cholesterol, high-density lipoprotein cholesterol, systolic blood

pressure, use of anti-hypertension medications, and lifetime pack-years.

Results

Patients receiving clopidogrel (or other anti-platelet agents) post ACS have been extensively

studied previously [5, 7–10, 12, 13, 15, 36]. In our study the primary population of interest is

patients with GERD. We find that the class-level association of PPIs with MI in patients treated

for GERD exists across two independent datasets and is independent of clopidogrel use and

high-risk age groups. By comparison, we find no association with MI in GERD patients treated

with H2Bs in the same dataset. The results from the data-mining effort are concordant with

our analysis in a prospectively followed cohort from the GenePAD [28, 29] study, showing in-

creased cardiovascular mortality associated with PPI use and no such increase associated with

H2B use.

Table 1. Study group populations for the STRIDE dataset, including 5:1 propensity matching.

Before Matching After Matching

Study Group and Subgroups N (GERD = 93,149) Exposed Control Match Ratio Exposed Control

Age > = 18 ‡ 70,477

PPI * 32,363 38,114 1:1 32,363 32,099

(–) clopidogrel † 30,454 35,856 1:1 30,454 30,275

Age < = 45 *‡ 9,595 12,846 1:1 9,595 9,568

Age < = 55 *‡ 16,662 21,016 1:1 16,662 16,546

H2 blocker * 12,796 57,681 1:3 12,796 38,388

omeprazole * 8,921 28,498 1:3 8,921 26,763

esomeprazole * 2,907 27,049 1:5 2,907 14,535

pantoprazole * 4,450 28,001 1:5 4,450 22,250

rabeprazole * 2,473 26,972 1:5 2,473 12,365

lansoprazole * 4,005 27,596 1:5 4,005 20,025

There are 93,149 patients with gastroesophageal reflux disease (GERD), of which 70,477 are at least 18 years old. In all study groups other than the one

in which clopidogrel patients are excluded, the populations are matched (and balanced) based on clopidogrel use and other covariates such as age,

gender, race, length of observation, number of unique drugs mentioned in the record, and validated proxies of health status (based on the number of

unique disease concepts attributed to each patient). The matching process attempts to achieve a ratio of 1:5 (exposure to control), but will settle for 1:3 or

1:1 if there are not enough controls from which to draw.

* balanced for clopidogrel use

† patients on clopidogrel are excluded

‡ patients are restricted by age

doi:10.1371/journal.pone.0124653.t001
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Table 2. Balance of variables for patients on PPIs in the STRIDE dataset.

Variable Before Matching After Matching

Exposed
(N = 32,363)

Unmatched controls
(N = 38,114)

p-value Matched controls
(N = 32,099)

p-
value

Demographics

Age at indication (GERD), mean
(sd)

54.88 (16.65) 53.47 (17.15) <2.22e-
16

54.52 (17.13) 0.005

Gender (male), n (%) 44.31 45.60 0.0006 44.61 0.44

Race, n (%)

Asian 7.93 8.92 < 0.0001 8.33 0.13

Black 2.77 2.84 0.62 2.96 0.15

Other 11.82 11.58 0.33 11.92 0.71

Unknown 27.07 26.52 0.09 25.84 0.0001

White 50.41 50.14 0.49 50.95 0.16

Co-prescription

Clopidogrel, n(%) 5.90 5.93 0.89 6.16 0.16

Other

No. of unique diseases, n (%)

1–28 7.72 12.78 <0.0001 7.30 0.34

29–41 9.45 9.67 0.34 8.87 0.002

42–56 10.16 10.07 0.72 9.98 0.42

57–74 10.44 10.12 0.16 10.27 0.46

75–95 10.26 9.76 0.03 10.28 0.91

96–121 9.93 9.66 0.23 10.35 0.08

122–157 10.47 9.62 0.0001 10.79 0.18

158–207 10.37 9.37 9.9e-06 10.64 0.26

208–294 10.53 9.62 6.3e-05 10.79 0.26

>294 10.67 9.33 3.8e-09 10.73 0.81

No. of unique drugs, n (%)

1–9 5.78 14.23 <0.0001 5.80 0.92

10–15 9.18 10.03 0.0001 9.48 0.16

16–22 11.05 10.48 0.01 10.89 0.50

23–29 9.76 8.92 0.0001 9.51 0.29

30–38 10.93 9.37 8.0e-12 10.66 0.27

39–49 10.74 9.84 0.0001 10.94 0.33

50–64 10.80 9.43 1.7e-09 10.93 0.60

65–86 10.81 8.95 2.2e-16 10.48 0.15

87–123 10.74 9.12 9.5e-13 10.61 0.57

>123 10.21 9.63 0.009 10.70 0.05

Length of observation (days), n
(%)

1–9 8.97 10.92 <0.0001 8.37 0.007

10–102 9.90 10.05 0.52 9.59 0.17

103–364 9.72 10.25 0.02 9.89 0.48

365–816 9.95 10.02 0.77 10.21 0.25

817–1426 9.87 10.11 0.29 10.12 0.21

1427–2156 9.64 10.31 0.003 10.10 0.05

2157–3018 9.77 10.20 0.06 10.27 0.03

3019–3956 10.40 9.66 0.001 10.48 0.76

(Continued)
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Characteristics of the primary clinical dataset

All patients with GERD above the age of 18, representing the general population likely to take a

PPI, comprise the baseline population for our studies. The two study groups include patients

exposed to PPIs, and, for comparison, patients exposed to H2Bs. Controls were selected from

the baseline population using propensity score matching [37] (see Methods).

Our results were replicated across two independent datasets—one from Stanford (~1.8 mil-

lion patients) and a subset of data from Practice Fusion, Inc. (PF) (~1.1 million patients).

Table 1 summarizes the characteristics of the baseline and study populations for the primary

dataset from Stanford, called STRIDE. Similar distributions were seen in the PF dataset. Over-

all, out of all patients in STRIDE, 93,149 have had GERD (of which 70,477 are at least 18 years

old); 22,411 have had a MI; 59,109 have taken at least one H2B; and 16,127 have taken clopido-

grel. The characteristics of each of the study groups are balanced for exposed and unexposed

patients, noting in particular that clopidogrel use is balanced (Tables 2 and 3).

In the baseline population for STRIDE (N = 70,477), 45.9% used at least one PPI (12.7%

omeprazole, 5.7% lansoprazole, 6.3% pantoprazole, 4.1% esomeprazole, 3.5% rabeprazole, and

0.1% dexlansoprazole) and 18.2% used an H2B (Table 1). The mean follow-up time is 2.1 years

in the PPI study group, and 2.5 years in the H2B group. Of all PPI patients, less than 6% used

clopidogrel—highlighting the relatively small size of the well-studied ACS populations com-

pared to the general population of PPI users.

A safety signal for an association with MI

For our data-mining method, a threshold of 1.0 on the lower bound of the 95% confidence in-

terval of the adjusted odds ratios provides 39% sensitivity and 97.5% specificity in signaling an

association—translating to a 3.5% false positive rate and a 61% false negative rate (making it a

conservative test) [26]. Fig 1A shows that PPIs as a class (N = 32,363) are associated with MI

with an adjusted odds ratio (AOR) of 1.16 (95% CI 1.09–1.24). Fig 1B shows the associations

for each PPI individually. The strength of association varies slightly for each PPI, ranging from

AOR 1.08 to 1.34.

H2 blockers signal no association with MI

Given our hypothesis about the mechanism by which PPIs confer the increased risk, H2Bs

(N = 12,796), an alternative treatment for GERD, are not expected to be associated with MI.

Fig 1A confirms a lack of association (AOR 0.93; 95% CI 0.86–1.02).

Table 2. (Continued)

Variable Before Matching After Matching

Exposed
(N = 32,363)

Unmatched controls
(N = 38,114)

p-value Matched controls
(N = 32,099)

p-
value

3957–5084 10.88 9.25 8.4e-13 10.44 0.06

>5084 10.90 9.23 2.6e-13 10.53 0.12

PPI exposure and control groups for patients with gastroesophageal reflux disease (GERD) are balanced across a number of basic covariates.

Importantly, the use of clopidogrel is equally balanced across exposed and control groups. Other variables (no. of unique disease mentions, no. unique

drug mentions, length of observation) are binned according to their distributions. Before matching, PI patients tend to be sicker, have more diseases and

more drugs mentioned in their record. After matching, these variables are balanced.

doi:10.1371/journal.pone.0124653.t002
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Table 3. Balance of variables in patients on H2 blockers in the STRIDE dataset.

Variable Before Matching After Matching

Exposed (N = 12,796) Unmatched controls (N = 57,681) p-value Matched controls (N = 38,388) p-value

Demographics

Age at indication (GERD), mean (sd) 52.90 (16.85) 54.38 (16.95) <2.22e-16 53.19 (16.74) 0.13

Gender (male), n (%) 42.76 45.50 1.38e-08 43.26 0.41

Race, n (%)

Asian 9.27 8.28 0.0003 9.02 0.41

Black 3.41 2.68 2.55e-05 3.19 0.33

Other 11.80 11.67 0.67 11.60 0.61

Unknown 23.43 27.51 < 2.22e-16 24.24 0.12

White 52.09 49.86 4.70e-06 51.95 0.82

Co-prescriptions

Clopidogrel, n(%) 6.99 5.67 7.1e-08 6.75 0.45

Other

No. of unique diseases, n (%)

1–28 6.05 11.44 < 0.0001 6.12 0.79

29–41 6.71 10.21 < 2.22e-16 6.83 0.68

42–56 7.92 10.60 < 2.22e-16 8.11 0.55

57–74 8.79 10.59 1.55e-10 9.22 0.21

75–95 9.14 10.17 0.0003 9.58 0.22

96–121 9.40 9.87 0.10 10.07 0.07

122–157 10.90 9.81 0.0003 11.88 0.01

158–207 11.46 9.47 9.59e-11 12.25 0.05

208–294 13.15 9.34 < 2.22e-16 13.19 0.92

>294 16.48 8.50 < 2.22e-16 12.75 < 2.22e-16

No. of unique drugs, n (%)

1–9 4.01 11.83 < 0.0001 4.02 0.98

10–15 6.84 10.26 < 2.22e-16 6.78 0.85

16–22 8.33 11.25 < 2.22e-16 8.46 0.67

23–29 8.01 9.59 4.58e-09 8.24 0.48

30–38 9.91 10.12 0.47 10.68 0.04

39–49 10.37 10.20 0.58 11.18 0.03

50–64 10.90 9.87 0.0006 12.10 0.001

65–86 11.61 9.40 9.31e-13 12.63 0.008

87–123 13.29 9.10 < 2.22e-16 13.32 0.94

>123 16.73 8.38 < 2.22e-16 12.59 < 2.22e-16

Length of observation (days), n (%)

1–9 6.56 10.81 < 0.0001 6.56 1

10–102 7.36 10.56 < 2.22e-16 7.40 0.90

103–364 8.45 10.35 7.87e-12 8.95 0.15

365–816 9.71 10.04 0.25 9.95 0.51

817–1426 9.97 10.01 0.91 10.24 0.47

1427–2156 10.44 9.90 0.07 10.61 0.65

2157–3018 10.68 9.84 0.005 10.70 0.97

3019–3956 11.80 9.60 1.17e-12 11.70 0.39

3957–5084 11.99 9.56 7.55e-15 11.69 0.46

>5084 13.04 9.33 < 2.22e-16 12.20 0.04

PPI exposure and control groups for patients with gastroesophageal reflux disease (GERD) are balanced across a number of basic covariates.

Importantly, the use of clopidogrel is equally balanced across exposed and control groups. Continuous variables (no. of unique disease mentions, no.

unique drug mentions, length of observation) are binned according to their distributions. Before matching, H2 blocker patients tend to be sicker, have more

diseases and more drugs mentioned in their record. After matching, these variables are mostly balanced.

doi:10.1371/journal.pone.0124653.t003
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Associations are independent of clopidogrel use and age

Patients who take clopidogrel have often experienced a prior MI, and are likely to experience a

second event. This population has been extensively studied [5, 7–10, 12, 15, 36]. A small frac-

tion (~6%) of the PPI and H2B study groups are also on clopidogrel, which we examine sepa-

rately for completeness. However, a known limitation of our data-mining methods, which

focuses on first mentions, is the inability to pinpoint repeat occurrences of events [26], making

it difficult to examine the clopidogrel treated group for a repeat coronary event. We addressed

this by excluding patients with clopidogrel exposure.

Fig 1C, shows that the associations persist after excluding patients on clopidogrel and the as-

sociation persists across age groups. Fig 1C shows that in patients not using clopidogrel

(N = 30,275), the adjusted odds ratio does not differ markedly from general PPI use (AOR

1.14; 95% CI 1.06–1.24).

Fig 1. PPI use is associated with an increased risk for MI, regardless of age or clopidogrel use. No association is identified for H2 Blocker use: In the
fig, the dotted red line represents the reference point indicating no elevated risk for myocardial infarction (MI). The odds ratio and 95% confidence interval for
each exposure are indicated by a blue dot and blue line, respectively, which are also represented numerically to the right of each fig. The size of the dot is
proportional to the exposure size of each group (see Table 1). Fig A, derived from STRIDE (N = 70,477), shows that PPIs have a class-level effect for MI in
the general population of patients with GERD. By comparison, H2 blockers, an alternate treatment, have no association. Fig B breaks down the associations
for each PPI individually. Figs C and D use stratification to show that the signals are corroborated in two independent datasets (STRIDE and Practice Fusion)
and are robust in important subgroups. Fig C shows that, for the STRIDE dataset, when patients on clopidogrel are excluded, the associations are
unchanged. Also, in lower-risk age groups for MI, the associations are still present. Similar trends are seen in these subgroups in the Practice Fusion (PF)
dataset (N = 227,438) shown in Fig D.

doi:10.1371/journal.pone.0124653.g001
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The results suggest that associations with MI are unlikely to be due to an interaction with

clopidogrel, a surrogate for prior ACS history, which by itself would increase the likelihood of a

second MI. In terms of risks related to age, Fig 1C also shows that the risks extend to individu-

als younger than 55 years old (N = 16,662), who are not a high-risk age group for MI. The

mean age in the younger sub-group is 41.7, versus 54.5 in the general population, as shown in

Table 2.

Corroboration in an independent nationwide dataset

Fig 1D shows a PPI class effect for an association with MI from an independent dataset. The

PF dataset has a much larger and more heterogeneous set of GERD patients in the baseline

population (N = 227,438) given the source of the data (see Table 4). The duration of coverage

is shorter (2007 through 2012), with more patients entering the dataset only in recent years. As

a result, balancing length of observation is difficult and our estimates of the method’s accuracy

(described in the methods section) might not generalize. However, the results showed similar

trends in the PF dataset data (AOR 1.19; 95% CI 1.09–1.30; Fig 2C and 2D) as were seen in

STRIDE.

Survival analysis shows an association with cardiovascular mortality

In a separate analysis on the prospectively followed Genetic Determinants of Peripheral Arteri-

al Disease [28, 29] (GenePAD) cohort—independent of our text-mining approach—there were

58 cardiovascular mortalities during a median follow-up period of 5.2 years (interquartile

range, 4.1–6.3). Using a Cox proportional hazard model, an unadjusted analysis showed a

122% increased cardiovascular mortality risk among PPI users as measured by the hazard ratio

(HR = 2.22; 95% CI 1.19–4.16; P = 0.013). This association persisted in the fully adjusted

Table 4. Study group populations for the PF dataset.

Before Matching After Matching

Study Group and Subgroups N (GERD) Exposed Control Match Ratio Exposed Control

Age > = 18 ‡ 227,438

PPI 74,516 152,922 1:2 72,497 152,922

(–) clopidogrel † 72,399 150,269 1:2 71,234 150,268

Age < = 45 ‡ 17,508 29,454 1:2 13,287 29,453

Age < = 55 ‡ 32,154 57,474 1:2 26,434 57,474

omeprazole 43,103 144,582 1:3 43,103 134,339

esomeprazole 8,078 129,049 1:5 8,078 44,521

pantoprazole 3,680 129,000 1:5 3,680 21,027

rabeprazole 998 128,570 1:5 998 5,808

lansoprazole 5,493 130,453 1:5 5,493 29,531

There are 227,438 patients with gastroesophageal reflux disease (GERD) who are at least 18 years old in this confirmation cohort. In all study groups

other than the one in which clopidogrel patients are excluded, the populations are matched based on clopidogrel use and other covariates such as age,

gender, race, length of observation, and number of unique drugs mentioned in the record as well as the number of unique disease concepts (as proxies

for health status). The matching process attempts to achieve a ratio of 1:5 (exposure to control), but will settle for 1:3, 1:2, or 1:1 if there are not enough

controls from which to draw. The length of observation in the PF dataset makes balancing variables difficult, so confounding cannot be entirely ruled out

even after matching.

† patients on clopidogrel are excluded

‡ patients are restricted by age

doi:10.1371/journal.pone.0124653.t004
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model (HR = 2.00; 95% CI 1.07–3.78; P = 0.031), which controlled for several cardiovascular

comorbidities. Fig 2 shows a Kaplan–Meier curve representing the survival function from car-

diovascular mortality for patients on PPIs versus controls. As with the text-mining analysis, no

association was seen with H2Bs in either unadjusted (HR = 1.05; 95% CI 0.15–7.59; P = 0.962)

or adjusted (HR = 1.00; 95% CI 0.14–7.26; P = 0.996) analyses.

Associations are detectable as early as the year 2000

The cumulative risk and exposure plot for lansoprazol shown in Fig 3 is based on the raw asso-

ciation estimates, which help to flag signals for early detection and monitoring as described in

previous work.[26] Based on this plot, lansoprazole would have been flagged for monitoring in

the year 2000 if we had such a data-mining system in place. As exposure data accumulates, the

confidence intervals converge (note the narrowing 95% confidence intervals). Plots for the

other PPIs are shown in the S2 Fig.

Discussion

Our results demonstrate that PPIs appear to be associated with elevated risk of MI in the gener-

al population; and H2 blockers show no such association. The associations are independent of

clopidogrel use or age-related risks and are seen in two large independent datasets and a pro-

spective cohort. In particular, the association is seen outside of the high-risk populations previ-

ously examined, such as the elderly [38] or patients with ACS [2].

Fig 2. Survival plot from the prospectively followed GenePAD study confirms that PPI use is associated adverse outcome. The Kaplan–Meier
curves in the fig show the survival probability from cardiovascular mortality according to PPI usage over an 8 years follow-up period in the ongoing Genetic
Determinants of Peripheral Artery Disease (GenePAD) study. PPI usage is associated with a 2.22 fold (CI 1.19–4.16) increased risk of cardiovascular
mortality, relative to controls in unadjusted Cox proportional hazards models.

doi:10.1371/journal.pone.0124653.g002
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Our results are consistent with findings in the extensively-studied cohort of subjects with

coronary artery disease (CAD) [5, 7, 12, 36], where PPIs have repeatedly been associated with

adverse outcomes amongst patients receiving clopidogrel. [15] While two prospective studies

in the post-ACS population failed to detect an association between PPI use and an increased

risk of cardiovascular death, MI, or stroke [9, 10], the authors acknowledged that their results

do not rule out a clinically meaningful difference in cardiovascular events due to use of a PPI.

[10] In fact both studies included patients at a higher risk of MI than the general population,

which may eclipse any potential harm conferred by PPIs due to competing risks. [38, 39] Based

on the concern that PPIs could reduce the metabolism of clopidogrel to its active form, the

FDA issued a warning about this possible drug-drug interaction in 2009 [40].

The current study suggests that the risk of PPIs may extend beyond previously studied high

risk individuals. These findings confirm and extend the findings of Shih and colleagues, which

suggested that PPIs were associated with short term cardiovascular harm amongst Taiwanese

individuals [25], and are consistent with studies which have shown that PPIs may diminish the

cardioprotective effects of drugs that do not depend on CYP2C19 activation, such as ticagrelor

[7, 12, 13]. While it has been argued that this phenomenon might result from PPI-induced

changes in drug absorption, we view this as a less likely possibility given that H2 blockers in-

duce a similar reduction in gastric pH—without consistently increasing cardiovascular risk, as

observed in each of three datasets studied here.[12] Other potential explanations for the ob-

served association are that PPIs might impair cardiovascular hemodynamics or promote nutri-

tional deficiencies. For example, PPIs have been reported to induce negative inotropic effects

on myocardial tissue ex vivo, [41, 42] and to potentially increase the cardiovascular risk factor,

homocysteine, by impairing the absorption of vitamin B12. [43, 44] However, population-

based cohort studies have demonstrated a lack of excess mortality in patients with both

Fig 3. Cumulative risk and exposure plots reveal that pharmacovigilance algorithms could have flagged lansoprazole for monitoring as early as
the year 2000. The x-axis is calendar year; the y-axis on the left is the unadjusted odds ratio; the y-axis on the right is the number of patients exposed. The
solid red line is the point estimate of the odds ratio. The dotted red lines are the confidence intervals. The blue line is the number of patients exposed. Vertical
lines mark the earliest detected signal—the year when the lower bound on the 95% confidence interval rises above 1.0. Signal detection algorithms on
clinical notes would have flagged lansoprazole for monitoring as early as the year 2000.

doi:10.1371/journal.pone.0124653.g003
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ischaemic and non-ischaemic heart failure prescribed PPIs, [45] and consensus opinion is that

PPIs are unlikely to cause a clinically relevant reduction in B12 levels in people on a normal

diet, with otherwise normal gastrointestinal function [43].

Our observation that PPI usage is associated with harm in the general population—includ-

ing the young and those taking no antiplatelet agent—suggests that PPIs may promote risk via

an unknown mechanism that does not directly involve platelet aggregation. Accordingly, our

recent molecular, cellular, physiological, and in vivo data [16] demonstrating that PPIs inhibit

DDAH activity may explain how PPIs promote cardiovascular risk, and do so even in individu-

als not taking clopidogrel. DDAH, an enzyme necessary for cardiovascular health, metabolizes

ADMA, an endogenous and competitive inhibitor of nitric oxide synthase (NOS).[46] In-

creases in plasma ADMA levels of as little as 10% are associated with increased risk of major

adverse cardiovascular events.[19–24] We previously confirmed that PPIs inhibit purified

DDAH enzyme using orthogonal assays. As a result, PPIs increased intracellular ADMA in cul-

tured human endothelial cells by approximately 30%, increased serum ADMA levels in mice

by approximately 20%, impaired endothelium-dependent vasodilation of isolated mouse aor-

tae, and reduced the generation of nitric oxide by human saphenous vein segments obtained at

the time of coronary artery bypass.[16] Taken together, these results provide a plausible mech-

anism for how PPI usage can manifest with dysregulation of vascular NOS, and therefore ex-

plain the association with increased risk of MI in the general population.

Our study is subject to several limitations. Most importantly, these observational data may

be subject to confounding in multiple ways, and it is possible that PPI usage is merely a marker

of a sicker patient population [13]. For example, we were unable to control for factors such as

obesity and insulin resistance, and it may be that in some individuals PPIs were prescribed for

angina that was misidentified as acid reflux. However, the observation that alternative heart-

burn medications such as H2 blockers were not associated with harm lends support to the con-

cept that PPIs may specifically promote risk. Although our data-mining pipeline has high

specificity and was validated to have high accuracy (89%), there is still a possibility that the as-

sociation detected is a false positive. We also cannot account for over-the-counter PPI usage,

or differences by drug dosage. We attempt to partially offset these limitations by including rep-

lication data from multiple sources (the community-based PF dataset, the tertiary-care Stan-

ford dataset, and the prospective GenePAD study), and by adjusting for several cardiovascular

covariates in the survival analysis. Nonetheless, we recognize that these findings are hypothesis

generating, and a prospective randomized study in the general population (inclusive of both

lean and obese individuals) is required before changing clinical practice. However, the number

of subjects needed to detect harm among PPI users for MI is considerable, projected to be

about 4,000 by Shih et al [25].

In conclusion, we use a novel analytical pipeline to associate PPI usage with risk of MI in

the general population, independent of clopidogrel use. These findings, in conjunction with the

preclinical results, necessitate additional investigation. Our work also puts forth an example

use case of the learning health system on how multiple clinical data sources can be examined

via data-mining to identify drug safety signals for further investigation. [47, 48]

Supporting Information

S1 Table. Indication, Drug, and Event definitions. For each clinical concept, a set of seed

concept unique identifiers (CUIs) is used to generate a list of strings used to search through the

clinical text.

(PDF)
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S1 Fig. Summary of the data-mining pipeline. To construct a contingency table, patients with

gastroesophageal reflux disease (GERD) who were over 18 years old at the time of indication

were identified and used to form the baseline population. The drugs of interest were PPIs, clo-

pidogrel, and H2 blockers. The outcome was MI. The temporal ordering of the drug and out-

come determined into which cell of a 2x2 contingency table each patient would be counted.

(PDF)

S2 Fig. Cumulative risk and exposure plots for PPI–MI. Reveal that pharmacovigilance algo-

rithms could have flagged omeprazole and lansoprazole for monitoring as early as the year

2000.

(PDF)

Author Contributions

Conceived and designed the experiments: NHS JPC NJL PL ABM SVI. Performed the experi-

ments: YTG. Analyzed the data: JM KTN. Contributed reagents/materials/analysis tools: PL

ABM SVI. Wrote the paper: NHS PL NJL. Participated in the editing of the manuscript: NHS

PL ABM YTG SVI JM KTN JPC NJL.

References
1. Madanick RD. Proton pump inhibitor side effects and drug interactions: much ado about nothing?

Cleve Clin J Med, 2011. 78(1): p. 39–49. doi: 10.3949/ccjm.77a.10087 PMID: 21199906

2. Katz MH. Failing the acid test: benefits of proton pump inhibitors may not justify the risks for many
users. Arch Intern Med, 2010. 170(9): p. 747–8. doi: 10.1001/archinternmed.2010.64 PMID: 20458079

3. U.S. Food and Drug Administration (FDA). FDA Drug Safety Podcast for Healthcare Professionals:
Low magnesium levels can be associated with long-term use of Proton Pump Inhibitor drugs (PPIs).
Available: http://www.fda.gov/Drugs/DrugSafety/DrugSafetyPodcasts/ucm245455.htm, 2009.

4. Committee CS. A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk of ischaemic
events (CAPRIE). CAPRIE Steering Committee. Lancet, 1996. 348(9038): p. 1329–39. PMID:
8918275

5. Ho PM, Maddox TM,Wang L, Fihn SD, Jesse RL, Peterson ED, et al. Risk of adverse outcomes associ-
ated with concomitant use of clopidogrel and proton pump inhibitors following acute coronary syn-
drome. JAMA: the journal of the American Medical Association, 2009. 301(9): p. 937–44. doi: 10.1001/
jama.2009.261 PMID: 19258584

6. Simon T, Steg PG, Gilard M, Blanchard D, Bonello L, Hanssen M, et al. Clinical events as a function of
proton pump inhibitor use, clopidogrel use, and cytochrome P450 2C19 genotype in a large nationwide
cohort of acute myocardial infarction: results from the French Registry of Acute ST-Elevation and Non-
ST-Elevation Myocardial Infarction (FAST-MI) registry. Circulation, 2011. 123(5): p. 474–82. doi: 10.
1161/CIRCULATIONAHA.110.965640 PMID: 21262992

7. Charlot M, Ahlehoff O, Norgaard ML, Jørgensen CH Sørensen R AbildstrømSZ, et al. Proton-pump in-
hibitors are associated with increased cardiovascular risk independent of clopidogrel use: a nationwide
cohort study. Annals of internal medicine, 2010. 153(6): p. 378–86. doi: 10.7326/0003-4819-153-6-
201009210-00005 PMID: 20855802

8. Douglas IJ, Evans SJ, Hingorani AD, Grosso AM, Timmis A, Hemingway H, et al. Clopidogrel and inter-
action with proton pump inhibitors: comparison between cohort and within person study designs. BMJ,
2012. 345: p. e4388. doi: 10.1136/bmj.e4388 PMID: 22782731

9. O'Donoghue ML, Braunwald E, Antman EM, Murphy SA, Bates ER, Rozenman Y, et al. Pharmacody-
namic effect and clinical efficacy of clopidogrel and prasugrel with or without a proton-pump inhibitor:
an analysis of two randomised trials. Lancet, 2009. 374(9694): p. 989–97. doi: 10.1016/S0140-6736
(09)61525-7 PMID: 19726078

10. Bhatt DL, Cryer BL, Contant CF, Cohen M, Lanas A, Schnitzer TJ, et al. Clopidogrel with or without
omeprazole in coronary artery disease. N Engl J Med, 2010. 363(20): p. 1909–17. doi: 10.1056/
NEJMoa1007964 PMID: 20925534

11. Holmes DR, Dehmer GJ, Kaul S, Leifer D, O'Gara PT, Stein CM. ACCF/AHA clopidogrel clinical alert:
approaches to the FDA "boxed warning": a report of the American College of Cardiology Foundation
Task Force on clinical expert consensus documents and the American Heart Association endorsed by

PPIs Associated with MI

PLOS ONE | DOI:10.1371/journal.pone.0124653 June 10, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124653.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124653.s003
http://dx.doi.org/10.3949/ccjm.77a.10087
http://www.ncbi.nlm.nih.gov/pubmed/21199906
http://dx.doi.org/10.1001/archinternmed.2010.64
http://www.ncbi.nlm.nih.gov/pubmed/20458079
http://www.fda.gov/Drugs/DrugSafety/DrugSafetyPodcasts/ucm245455.htm
http://www.ncbi.nlm.nih.gov/pubmed/8918275
http://dx.doi.org/10.1001/jama.2009.261
http://dx.doi.org/10.1001/jama.2009.261
http://www.ncbi.nlm.nih.gov/pubmed/19258584
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.965640
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.965640
http://www.ncbi.nlm.nih.gov/pubmed/21262992
http://dx.doi.org/10.7326/0003-4819-153-6-201009210-00005
http://dx.doi.org/10.7326/0003-4819-153-6-201009210-00005
http://www.ncbi.nlm.nih.gov/pubmed/20855802
http://dx.doi.org/10.1136/bmj.e4388
http://www.ncbi.nlm.nih.gov/pubmed/22782731
http://dx.doi.org/10.1016/S0140-6736(09)61525-7
http://dx.doi.org/10.1016/S0140-6736(09)61525-7
http://www.ncbi.nlm.nih.gov/pubmed/19726078
http://dx.doi.org/10.1056/NEJMoa1007964
http://dx.doi.org/10.1056/NEJMoa1007964
http://www.ncbi.nlm.nih.gov/pubmed/20925534


the Society for Cardiovascular Angiography and Interventions and the Society of Thoracic Surgeons. J
Am Coll Cardiol, 2010. 56(4): p. 321–41. doi: 10.1016/j.jacc.2010.05.013 PMID: 20633831

12. Charlot M, Grove EL, Hansen PR, Olesen JB, Ahlehoff O, Selmer C, et al. Proton pump inhibitor use
and risk of adverse cardiovascular events in aspirin treated patients with first time myocardial infarction:
nationwide propensity score matched study. BMJ, 2011. 342: p. d2690. doi: 10.1136/bmj.d2690 PMID:
21562004

13. Goodman SG, Clare R, Pieper KS, Nicolau JC, Storey RF, Cantor WJ, et al. Association of proton
pump inhibitor use on cardiovascular outcomes with clopidogrel and ticagrelor: insights from the plate-
let inhibition and patient outcomes trial. Circulation, 2012. 125(8): p. 978–86. doi: 10.1161/
CIRCULATIONAHA.111.032912 PMID: 22261200

14. Adamopoulos AB, Sakizlis GN, Nasothimiou EG, Anastasopoulou I, Anastasakou E, Kotsi P, et al. Do
proton pump inhibitors attenuate the effect of aspirin on platelet aggregation? A randomized crossover
study. J Cardiovasc Pharmacol, 2009. 54(2): p. 163–8. doi: 10.1097/FJC.0b013e3181af6d9c PMID:
19568178

15. Dunn SP, Steinhub, SR, Bauer D, Charnigo RJ, Berger PB, Topol EJ. Impact of proton pump inhibitor
therapy on the efficacy of clopidogrel in the CAPRIE and CREDO trials. J Am Heart Assoc, 2013. 2(1):
p. e004564. doi: 10.1161/JAHA.112.004564 PMID: 23525436

16. Ghebremariam YT, LePendu P, Lee JC, Erlanson DA, Slaviero A, Shah NH, et al. Unexpected effect of
proton pump inhibitors: elevation of the cardiovascular risk factor asymmetric dimethylarginine. Circula-
tion, 2013. 128(8): p. 845–53. doi: 10.1161/CIRCULATIONAHA.113.003602 PMID: 23825361

17. Cooke JP, Ghebremariam YT. DDAH says NO to ADMA. Arterioscler Thromb Vasc Biol, 2011. 31(7):
p. 1462–4. doi: 10.1161/ATVBAHA.111.228833 PMID: 21677286

18. Cooke JP. DDAH: a target for vascular therapy? Vasc Med, 2010. 15(3): p. 235–8. doi: 10.1177/
1358863X10362605 PMID: 20385710

19. Krzyzanowska K, Mittermayer F, Wolzt M, Schernthaner G. Asymmetric dimethylarginine predicts
major adverse cardiovascular events in patients with advanced peripheral artery disease. Arteriosclero-
sis, thrombosis, and vascular biology, 2006. 26(11): p. 2536–40. PMID: 16931791

20. Wilson A, Shin D, Weatherby C, Harada R, Ng M, Nair N, et al. Asymmetric dimethylarginine correlates
with measures of disease severity, major adverse cardiovascular events and all-cause mortality in pa-
tients with peripheral arterial disease. Vascular medicine, 2010. 15(4): p. 267–74. doi: 10.1177/
1358863X10364552 PMID: 20484311

21. Lu TM, Chung MY, Lin MW, Hsu CP, Lin SJ. Plasma asymmetric dimethylarginine predicts death and
major adverse cardiovascular events in individuals referred for coronary angiography. International
journal of cardiology, 2011. 153(2): p. 135–40. doi: 10.1016/j.ijcard.2011.06.120 PMID: 21794936

22. Ari H, Ari S, Erdoğan E, Tiryakioğlu O, Üstündağ Y, Huysal K, et al. A novel predictor of restenosis and
adverse cardiac events: asymmetric dimethylarginine. Heart and vessels, 2010. 25(1): p. 19–26. doi:
10.1007/s00380-009-1158-x PMID: 20091394

23. Cooke JP. Asymmetrical dimethylarginine: the Uber marker? Circulation, 2004. 109(15): p. 1813–8.
PMID: 15096461

24. Böger RH, Maas R, Schulze F, Schwedhelm E. Plasma asymmetric dimethylarginine and incidence of
cardiovascular disease and death in the community. Circulation, 2009. 119(12): p. 1592–600. doi: 10.
1161/CIRCULATIONAHA.108.838268 PMID: 19289633

25. Shih CJ, Chen YT, Ou SM, Li SY, Chen TJ, Wang SJ. Proton pump inhibitor use represents an inde-
pendent risk factor for myocardial infarction. Int J Cardiol, 2014. 177(1): p. 292–7. doi: 10.1016/j.ijcard.
2014.09.036 PMID: 25499395

26. LePendu P, Iyer SV, Bauer-Mehren A, Harpaz R, Mortensen JM, Podchiyska T, et al. Pharmacovigi-
lance using clinical notes. Clin Pharmacol Ther, 2013. 93(6): p. 547–55. doi: 10.1038/clpt.2013.47
PMID: 23571773

27. LePendu P, Iyer SV, Bauer-Mehren A, Harpaz R, Mortensen JM, Podchiyska T, et al. Learning Signals
of Adverse Drug-Drug Interactions from the Unstructured Text of Electronic Health Records in AMIA
Summit on Translational Bioinformatics. 2013: San Francisco, CA. p. 83–87.

28. Nead KT, Zhou MJ, Caceres RD, Sharp SJ, Wehner MR, Olin J, et al. Usefulness of the addition of
beta-2-microglobulin, cystatin C and C-reactive protein to an established risk factors model to improve
mortality risk prediction in patients undergoing coronary angiography. The American journal of cardiolo-
gy, 2013. 111(6): p. 851–6. doi: 10.1016/j.amjcard.2012.11.055 PMID: 23290308

29. Nead KT, Cooke JP, Olin JW, Leeper NJ. Alternative ankle-brachial index method identifies additional
at-risk individuals. J Am Coll Cardiol, 2013. 6: p. 553–9. doi: 10.1016/j.jacc.2013.04.061 PMID:
23707317

PPIs Associated with MI

PLOS ONE | DOI:10.1371/journal.pone.0124653 June 10, 2015 15 / 16

http://dx.doi.org/10.1016/j.jacc.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20633831
http://dx.doi.org/10.1136/bmj.d2690
http://www.ncbi.nlm.nih.gov/pubmed/21562004
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.032912
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.032912
http://www.ncbi.nlm.nih.gov/pubmed/22261200
http://dx.doi.org/10.1097/FJC.0b013e3181af6d9c
http://www.ncbi.nlm.nih.gov/pubmed/19568178
http://dx.doi.org/10.1161/JAHA.112.004564
http://www.ncbi.nlm.nih.gov/pubmed/23525436
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.003602
http://www.ncbi.nlm.nih.gov/pubmed/23825361
http://dx.doi.org/10.1161/ATVBAHA.111.228833
http://www.ncbi.nlm.nih.gov/pubmed/21677286
http://dx.doi.org/10.1177/1358863X10362605
http://dx.doi.org/10.1177/1358863X10362605
http://www.ncbi.nlm.nih.gov/pubmed/20385710
http://www.ncbi.nlm.nih.gov/pubmed/16931791
http://dx.doi.org/10.1177/1358863X10364552
http://dx.doi.org/10.1177/1358863X10364552
http://www.ncbi.nlm.nih.gov/pubmed/20484311
http://dx.doi.org/10.1016/j.ijcard.2011.06.120
http://www.ncbi.nlm.nih.gov/pubmed/21794936
http://dx.doi.org/10.1007/s00380-009-1158-x
http://www.ncbi.nlm.nih.gov/pubmed/20091394
http://www.ncbi.nlm.nih.gov/pubmed/15096461
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838268
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838268
http://www.ncbi.nlm.nih.gov/pubmed/19289633
http://dx.doi.org/10.1016/j.ijcard.2014.09.036
http://dx.doi.org/10.1016/j.ijcard.2014.09.036
http://www.ncbi.nlm.nih.gov/pubmed/25499395
http://dx.doi.org/10.1038/clpt.2013.47
http://www.ncbi.nlm.nih.gov/pubmed/23571773
http://dx.doi.org/10.1016/j.amjcard.2012.11.055
http://www.ncbi.nlm.nih.gov/pubmed/23290308
http://dx.doi.org/10.1016/j.jacc.2013.04.061
http://www.ncbi.nlm.nih.gov/pubmed/23707317


30. Lowe HJ, Ferris TA, Hernandez PM, Weber SC. STRIDE—An integrated standards-based translational
research informatics platform. AMIA Symposium, 2009. 2009: p. 391–5.

31. Honig PK. Advancing the science of pharmacovigilance. Clin Pharmacol Ther, 2013. 93(6): p. 474–5.
doi: 10.1038/clpt.2013.60 PMID: 23689213

32. Breiman L. Statistical Modeling: The Two Cultures. Statistical Science, 2001. 16(9): p. 199–231.

33. Halevy A, Norvig P, Pereira F. The unreasonable effectiveness of data. Intelligent Systems, IEEE,
2009. 24(2): p. 8–12.

34. Einav L, Levin J. Economics in the age of big data. Science, 2014. 346(6210): p. 12430891–
12430896.

35. Coloma PM, Avillach P, Salvo F, Schuemie M. J, Ferrajolo C, Pariente A, et al. A reference standard for
evaluation of methods for drug safety signal detection using electronic healthcare record databases.
Drug safety: an international journal of medical toxicology and drug experience, 2013. 36(1): p. 13–23.

36. Gilard M, Arnaud B, Cornily JC, Le Gal G, Lacut K, Le Calvez G, et al. Influence of omeprazole on the
antiplatelet action of clopidogrel associated with aspirin: the randomized, double-blind OCLA (Omepra-
zole CLopidogrel Aspirin) study. Journal of the American College of Cardiology, 2008. 51(3): p. 256–
60. doi: 10.1016/j.jacc.2007.06.064 PMID: 18206732

37. Stürmer T, Joshi M, Glynn RJ, Avorn J, Rothman KJ, Schneeweiss S. A review of the application of pro-
pensity score methods yielded increasing use, advantages in specific settings, but not substantially dif-
ferent estimates compared with conventional multivariable methods. J Clin Epidemiol, 2006. 59(5): p.
437–47. PMID: 16632131

38. Maggio M, Corsonello A, Ceda GP, Cattabiani C, Lauretani F, Buttò V, et al. Proton pump inhibitors and
risk of 1-year mortality and rehospitalization in older patients discharged from acute care hospitals.
JAMA internal medicine, 2013. 173(7): p. 518–23. doi: 10.1001/jamainternmed.2013.2851 PMID:
23460307

39. Maggio M, Corsonello A. Harmful effects of proton pump inhibitors: discrepancies between observa-
tional studies and randomized clinical trials-reply. JAMA Intern Med, 2013. 173(16): p. 1559–60. doi:
10.1001/jamainternmed.2013.8459 PMID: 24030767

40. U.S. Food and Drug Administration. FDA Announces NewWarning on Plavix: Avoid Use with Prilosec/
Prilosec OTC. 2009 11/5/2014]; Available: http://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/2009/ucm191169.htm.

41. Sossalla S, Schotola H, Schmitto J, Toischer K, Sohns C, Schwörer H, et al. Effects of different proton
pump inhibitors on cardiac contractility in isolated human failing myocardium. J Cardiovasc Surg (To-
rino), 2011. 52(3): p. 437–44. PMID: 21577199

42. Schillinger W, Teucher N, Sossalla S, Kettlewell S, Werner C, Raddatz D, et al. Negative inotropy of the
gastric proton pump inhibitor pantoprazole in myocardium from humans and rabbits: evaluation of
mechanisms. Circulation, 2007. 116(1): p. 57–66. PMID: 17576869

43. Ito T, Jensen RT. Association of long-term proton pump inhibitor therapy with bone fractures and effects
on absorption of calcium, vitamin B12, iron, and magnesium. Curr Gastroenterol Rep, 2010. 12(6): p.
448–57. doi: 10.1007/s11894-010-0141-0 PMID: 20882439

44. Dayal S, Lentz SR. ADMA and hyperhomocysteinemia. Vasc Med, 2005. 10 Suppl 1: p. S27–33.
PMID: 16444866

45. Oudit GY, Bakal JA, McAlister FA, Ezekowitz JA. Use of oral proton pump inhibitors is not associated
with harm in patients with chronic heart failure in an ambulatory setting. Eur J Heart Fail, 2011. 13(11):
p. 1211–5. doi: 10.1093/eurjhf/hfr104 PMID: 21831912

46. Tran CT, Leiper JM, Vallance P. The DDAH/ADMA/NOS pathway. Atheroscler Suppl, 2003. 4(4): p.
33–40. PMID: 14664901

47. Leeper NJ, Bauer-Mehren A, Iyer SV, LePendu P, Olson C, Shah NH. Practice-based evidence: profil-
ing the safety of cilostazol by text-mining of clinical notes. PLoS ONE, 2013. 8(5): p. e63499. doi: 10.
1371/journal.pone.0063499 PMID: 23717437

48. Friedman CP, Wong AK, Blumenthal D. Achieving a nationwide learning health system. Sci Transl
Med, 2010. 2(57): p. 57cm29. doi: 10.1126/scitranslmed.3001456 PMID: 21068440

PPIs Associated with MI

PLOS ONE | DOI:10.1371/journal.pone.0124653 June 10, 2015 16 / 16

http://dx.doi.org/10.1038/clpt.2013.60
http://www.ncbi.nlm.nih.gov/pubmed/23689213
http://dx.doi.org/10.1016/j.jacc.2007.06.064
http://www.ncbi.nlm.nih.gov/pubmed/18206732
http://www.ncbi.nlm.nih.gov/pubmed/16632131
http://dx.doi.org/10.1001/jamainternmed.2013.2851
http://www.ncbi.nlm.nih.gov/pubmed/23460307
http://dx.doi.org/10.1001/jamainternmed.2013.8459
http://www.ncbi.nlm.nih.gov/pubmed/24030767
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/2009/ucm191169.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/2009/ucm191169.htm
http://www.ncbi.nlm.nih.gov/pubmed/21577199
http://www.ncbi.nlm.nih.gov/pubmed/17576869
http://dx.doi.org/10.1007/s11894-010-0141-0
http://www.ncbi.nlm.nih.gov/pubmed/20882439
http://www.ncbi.nlm.nih.gov/pubmed/16444866
http://dx.doi.org/10.1093/eurjhf/hfr104
http://www.ncbi.nlm.nih.gov/pubmed/21831912
http://www.ncbi.nlm.nih.gov/pubmed/14664901
http://dx.doi.org/10.1371/journal.pone.0063499
http://dx.doi.org/10.1371/journal.pone.0063499
http://www.ncbi.nlm.nih.gov/pubmed/23717437
http://dx.doi.org/10.1126/scitranslmed.3001456
http://www.ncbi.nlm.nih.gov/pubmed/21068440

