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Abstract

Purpose

There are clinical trial data on risk of acute myocardial infarction (MI) with nonsteroidal anti-
inflammatory drugs (NSAIDs) in patients at increased cardiovascular (CV) risk requiring
chronic daily treatment. This study investigated whether risks of acute Ml with real-world
prescription NSAIDs, such as low-dose or intermittent use, vary according to an individual’s
CV profile.

Methods

Nested case-control analyses were carried out on an administrative health cohort from Que-
bec, Canada by randomly selecting 10 controls per case matched on age + 1 year, sex, and
month and year of cohort entry. We measured the additive joint effects on acute Ml of cur-
rent NSAID use and presence of hypertension, coronary heart disease (CHD), history of
previous MI, or concomitant use of cardioprotective aspirin. The endpoint was the relative
excess risk due to interaction (RERI). To verify the robustness of interaction findings, we
performed sensitivity analyses with varying specifications of NSAID exposure-related
variables.

Results

The cohort consisted of 233 816 elderly individuals, including 21 256 acute Ml cases. For
hypertension, CHD, and previous MI, we identified additive interactions on Ml risk with some
but not all NSAIDs, which also depended on the definition of NSAID exposure. Hypertension
was sub-additive with naproxen but not with the other NSAIDs. Celecoxib and CHD were
sub-additive in the primary analysis only (modelling NSAID dose on index date or up to 7
days before—best-fitting base model) whereas celecoxib and rofecoxib were super-additive
with a history of previous Ml in the secondary analysis only (modelling NSAID use on index
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date). For cardioprotective aspirin we found no evidence for an additive interaction with any
of the NSAIDs.

Conclusions

Alternative specifications of NSAID exposure concurred in finding that concomitant use of
cardioprotective aspirin does not attenuate the risks of acute Ml with NSAIDs. However we
were unable to demonstrate consistent interactions between an individual’s cardiovascular
comorbidities and NSAID-associated acute MI. Our study highlights challenges of studying
additive interactions in a healthcare database and underscores the need for sensitivity
analyses.

Introduction

Clinical practice guidelines advise that patients with major risk factors or a diagnosis of cardio-
vascular (CV) disease are particularly vulnerable to the cardiotoxicity of nonsteroidal anti-
inflammatory drugs (NSAIDs).[1, 2] The large Prospective Randomized Evaluation of Cele-
coxib Integrated Safety vs. Ibuprofen Or Naproxen (PRECISION) trial [3] determined the rela-
tive safety of celecoxib, compared with ibuprofen and naproxen in patients who were at
increased cardiovascular risk. However it involved patients who required chronic daily treat-
ment with NSAIDs, which may not represent the reality of many patients who have a CV
comorbidity but only use NSAIDs in low doses or intermittently.[4, 5] Whether the risk of
acute myocardial infarction (MI) with a specific NSAID used in real-world conditions is mod-
ulated by an underlying CV comorbidy is a question that clinicians would like answered.

We investigated the possible presence of additive interactions for MI between each com-
mon NSAID and (i) history of previous MI, (ii) coronary heart disease without a previous MI
(CHD), (iii) hypertension, or (iv) concomitant use of cardioprotective aspirin. We based our
study on administrative health data as they are well suited to characterize real-world drug
safety.[6]

Methods

The study was approved by the McGill University Health Centre Research Ethics Board (13-
380-SDR). To inform public health and clinical decision-making, we studied interaction on
the additive scale. [7-9] Since the findings of interaction studies are not immune to biases, [7]
we undertook to minimize the possibility of confounding and performed sensitivity analyses
with varying specifications of NSAID exposure-related variables.

Study design and data source

We used the universal public insurance databases of Quebec, Canada (Régie de 'assurance
maladie du Québec, RAMQ). Each person’s identifier allowed linking individual data involv-
ing demographic information, medical services claims, dispensed outpatient prescription
drugs, hospitalization data, indicator of hospital mortality, and long term vital statistics. These
databases were shown to be valid for this purpose [10, 11] including for cardiovascular
research.[12, 13]

We performed an individually-matched nested case-control analysis by randomly selecting
10 controls matched on age * 1 year, sex, and month/year of cohort entry. Hospital admission
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date for acute MI was the index date for cases. For their controls, the date that resulted in the
same cohort follow-up time was the assigned index date, thereby controlling for potential cal-
endar time effects.

We have reported a nested case-control analysis of NSAID and MI risk, based on the same
dataset. That study [14] aimed to characterize the temporal association between time-varying
NSAID exposure and acute MI and provided evidence for the dose relationship, precise timing
of risk onset, and the existence of a cumulative effect. This nested case-control dataset was also
included in our previously published patient-level meta-analysis of population-based studies
[15] therefore these works share some methodological aspects.

Study participants

We assembled a cohort of elderly (>66 years) new NSAID users (first time users or newly
treated after a one-year baseline). To be included in this study, patients were required to have a
prescription fill for a single NSAID after a one-year baseline and at least one year of history in
RAMAQ databases. Date of cohort entry was the first NSAID prescription after study start (1
January 1993) and cohort exit was the earliest of the following dates: study outcome, death,
end of insurance coverage, or study end (30 September 2004). We choose this calendar time
frame to minimize confounding by indication or by contraindication and allow for compari-
son with rofecoxib, which is important given the consistency and strength of randomized con-
trolled trial evidence for MI risk with this drug.[16-19]

Outcome ascertainment

The outcome was the first hospitalization for acute MI, ICD-9[20] code 410.x (positive predic-
tive value 0.979 (95%CI: 0.970, 0.985).[12] For non-fatal MI cases, we used a validated defini-
tion [21, 22] corresponding to local practice relevant to study years. Length of hospital stay
had to be at least 3 days, unless the patient was transferred to or from another institution or
underwent percutaneous coronary angioplasty.

Drug exposure ascertainment

NSAID use was determined as a time-varying exposure for each day of follow-up for the fol-
lowing common drugs: celecoxib, diclofenac, ibuprofen, naproxen, rofecoxib. All other pre-
scription non-aspirin NSAIDs,(diflunisal, etodolac, fenoprofen, flurbiprofen, ketoprofen,
indomethacin, mefenamic acid, meloxicam, nabumetone, piroxicam, sulindac, tenoxicam, tia-
profenic acid, and tolmetin sodium) entered nested case-control MI risk models as a group.
The low prevalence of prescriptions for ‘other NSAIDs’ precluded studying interactions indi-
vidually for these drugs. Use of over-the-counter (OTC) ibuprofen or aspirin is not captured
in the RAMQ database.

Computer-recorded variables allowed the direct calculation of estimated daily dose of the
common NSAIDs as pill strength times number of pills divided by number of days supplied.
Days supplied and consecutive prescription dates confirmed the duration of each dispensing
and allowed identifying gaps between the end of a prescription and the start of a next one-
thereby allowing to characterize episodes of continuous use and non-use. A priori rules
(Tables A and B in S1 File) were specified to capture behaviors such as intermittent use, dose
changes, and drug switches such that patients could not be concurrently exposed to more than
one NSAID over the study period. Ascertainment of prescription aspirin, which is captured in
RAMQ, was done similarly to NSAID exposure. Medication adherence is a strong determinant
of effective cardioprotection[23] such that we allowed a grace period of 7 days between two
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refills when defining continuous aspirin exposure status. Indication for cardioprotection was
assumed for dosages ranging from 80 mg every other day to 650 mg daily.[24]

Assessment and measurement of covariates

We [14, 15]identified risk factors for the outcome and potential confounders based on sub-
stantive knowledge and literature search.[25-28] Using a simplified causal graph[29] we
mapped relationships between variables,[30] including time-dependent confounders that are
mediating intermediates on the causal pathway between NSAID exposures and acute MI,[31]
then confirmed the final set of confounders (Figure A in S1 File). Comorbidities were defined
according to validation studies [32-37] and treatment guidelines.[38-41] We relied on ICD-9
codes recorded during hospitalization and on outpatient medications reflecting diagnoses
recorded in the course of ambulatory care (Table C in S1 File). To increase specificity for
hypertension, coronary heart disease, congestive heart failure, or rheumatoid arthritis, we used
algorithms based on drug dispensing dates. The presence of a comorbidity was confirmed
using the first occurrence of ICD-9 codes in the hospital discharge summary or by dispensed
drugs over the cohort period preceding the index date, with the following exceptions: (i)
potentially mediating comorbidities-hypertension, congestive heart failure, and renal failure—
were assessed only before cohort entry, and (ii) ambulatory claims for comorbidities without
any algorithm to overcome the low specificity of drug treatment-chronic pulmonary obstruc-
tive disease and gastrointestinal ulcer disease-were considered for the one year preceding the
index date. Treatment with oral corticosteroids, clopidogrel, and cardioprotective aspirin was
ascertained for the 30-day period prior to index date (Figure B in S1 File).

NSAID exposure and nested case-control analysis

We prespecified two alternative definitions of time windows for exposure to each common
NSAID (celecoxib, diclofenac, ibuprofen, naproxen, rofecoxib) and to other NSAIDs grouped
together. In the first model, the mutually exclusive binary indicators of use for each NSAID
were: (i) current use on the index date, (ii) recent use 1-30 days ago, (iii) past use 31-180 days
ago, or (iv) no use in last 180 days before the index date. In the second model, (i) current use
corresponded to index date or up to 7 days before, (ii) recent use was 8-30 days ago, and (iii)
and (iv) were identical to above. Categories were assessed from (i) to (iv) for each NSAID, and
once a category was set to 1 the subsequent categories were set to 0, ensuring they were mutu-
ally exclusive. These two models were repeated by replacing the current use in (i) by current
daily dose (continuous variable).

A nested case-control analysis of this large cohort was chosen because it allows to study the
additivity of risks[42] and is convenient from a computational standpoint[43]. First, we esti-
mated the odds ratio (OR) of acute MI for NSAID exposure-related variables described above
by conditional logistic regression, for each NSAID versus non- use of the NSAID in last 180
days before the index date, while adjusting for exposure to the other NSAIDs and potential
confounders. The fit of models was compared through the Akaike Information Criterion
(AIC).[44]

Measures of additive interaction

We considered the joint effect of NSAIDs and CV risk profiles in absolute terms, thereby
investigating interactions on the additive scale.[7-9] This has the advantage of allowing to con-
sider risk in the presence of two exposures in absolute rather than in relative terms thus
answering the question of whether the number of acute MIs in current NSAID users with cer-
tain CV risk profiles is greater or less than MI numbers expected from the additive effects of
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each separate risk factor. A finding of super-additivity (i.e. greater than additive joint effects)
means that the number of acute MI cases due to an NSAID in the presence of a CV comorbid-
ity is greater than the sum number of MI cases arising independently from either the NSAID
exposure or the CV comorbidity.[9] We pre-specified that the primary analysis of additive
interaction between NSAIDs and CV risk profiles would be based on the NSAID exposure
parametrization giving the best fit to data in a model without product terms (base model). To
verify the robustness of interaction findings, in a secondary analysis, we repeated our investi-
gation this time using the NSAID exposure parametrization that had worst fit to data in a base
model. Additionally, we checked whether a lower prevalence of CHD due to definition by
stricter clinical criteria affected the results of additive interaction between CHD and NSAIDs.
After model building and selection of the best model with product interaction terms, we
obtained results for the relative excess risk due to interaction (RERI) and its 95%CI from expo-
nentiated regression coefficients, directly from Stata. [42] The null hypothesis for exact addi-
tivity (i.e. no additive interaction) is RERI = 0. An upper 95% confidence interval (CI) bound
for RERI <0 indicates sub-additive joint effects whereas a lower 95% CI bound for RERI >0
indicates super-additive joint effects.[45] (see also footnote to table of findings) The statistical
analysis allowed for evaluating all interaction pairs and therefore accounted for the fact that an
individual might have more than one CV risk. However, three-way interactions were not
studied.

Testing for additive interactions

Assessment of interactions first required fitting nested case control models consisting of (i) the
specification of current NSAID exposure-related variables (ii) the binary time-varying indica-
tors for recent and past use of other NSAIDs and (iii) the values of all potential confounders,
which included the CV risk profiles of interest (either time-invariant or updated values of
time-varying confounders, see Figure B and Table C in S1 File), and (iv) the binary product
terms for each NSAID and each CV risk profile of interest.

We analyzed three datasets, corresponding to (a) the best-fitting model without product
terms (base model), (b) the worst-fitting base model, and (c) a sensitivity analysis of lower
prevalence of CHD in the best-fitting base model. With a Wald test, we checked the statistical
significance of product terms when added to the base model in (a), (b), and (c), first for each
product term individually, then with all product terms included in the base model. For each
product term, we obtained RERI (95%CI) and the 95%CI for the exponentiated coefficient
(B11)- We then proceeded with model building, keeping in the first round all product terms
which, when tested individually or together i) had a p-value of 0.2 or less; or ii) deviated or
approximately deviated from exact multiplicativity or exact additivity. Interactions occur on a
continuum of additivity and multiplicativity of risks.[46] Therefore, our systematic approach
ensured that an interaction on the additive scale was not ignored by dismissing it on the basis
of finding exact multiplicativity. We obtained more parsimonious models by deleting product
terms that showed exact additivity and exact multiplicativity of joint effects of the NSAID and
the CV risk profile. For each dataset in (a), (b), and (c), we compared models with product
terms and selected the best-fitting based on the AIC.

Results

Analyses were carried out with 233 816 individuals, of which 21 256 were acute MI cases
(Figure Cin S1 File). Table 1 presenting confounders at index date indicates that this older
cohort (mean age 77.8 +6.1 years) had a high baseline coronary risk.
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Table 1. Prevalence of confounders at index date in nested case-control analyses of acute MI with NSAIDs in a RAMQ cohort of elderly individuals.

Confounder Cases Controls
(n=21256) (n =212 560)
Demographic characteristics*
Age at cohort entry, years, mean (SD) 77.8 (6.1) 77.8 (6.1)
Male sex, % 50.7 50.7
Comorbidities’
Diabetes, % 28.5 16.3
Hyperlipidemia, % 38.6 30.0
Hypertension, % * 50.9 41.9
Previous myocardial infarction, % 15.6 6.5
Coronary heart disease, %° 53.0 29.6
Congestive heart failure, %* 14.0 6.9
Cerebrovascular disease, % 16.1 8.8
Peripheral vascular disease, % 15.0 5.9
Chronic obstructive pulmonary disease, %! 314 22.0
Gastrointestinal ulcer disease, %! 37.3 28.3
Gastrointestinal bleed, % 3.6 2.3
Acute or chronic renal failure, % 4.0 1.5
Rheumatoid arthritis, % 2.3 1.6
Concomitant drug treatment’
Use of oral corticosteroids, % 4.3 2.1
Use of clopidogrel, % 33 1.6
Use of cardioprotective aspirin, % 31.5 22.1

Index date, date of hospitalization with acute MI for cases and matched date for controls; MI, myocardial infarction; NSAID, nonsteroidal anti-inflammatory drug;

SD = standard deviation

* Matching variables

T Determined during the time period preceding the index date except where otherwise specified

Ascertained using the date of first occurrence of ICD-9 codes (hospital discharge summary) and by dispensed outpatient medications, including algorithms based on
dates of drug dispensing to increase specificity in determining the presence of hypertension, coronary heart disease, congestive heart failure, or rheumatoid arthritis (see
Table C in S1 File)

¥ Determined only before entry in the cohort since these comorbidities are on the causal pathway between NSAID exposure and the acute MI outcome

$ Whereas all hospital diagnosis positions were otherwise considered, for the purpose of a sensitivity analysis, coronary heart disease was more strictly defined and
required hospitalization with a diagnosis (ICD-9 code 411.x, 413.x or 414.x) in leading position or codes for percutaneous coronary intervention (480.x) or coronary
artery bypass surgery (481.x), or prescriptions defining CHD (algorithm of nitrates, antiplatelet agents, calcium channel blockers, beta-blockers, cardioprotective aspirin
and exclusion of other drugs to increase specificity and accuracy of date of first diagnosis) in the 30-day period preceding index date. Prevalence of coronary heart
disease by these criteria was 24.2% in cases and 12.5% in controls

I Comorbidities without any algorithm to overcome the low specificity of drug treatment-chronic pulmonary obstructive disease and gastrointestinal ulcer disease-were
ascertained based on dispensed outpatient medications in the one year preceding the index date and based on hospitalization at any time before the index date

9 Determined in the 30-day period preceding the index date

https://doi.org/10.1371/journal.pone.0201884.t001

Previous MI and CHD were approximately twice as prevalent for cases as for controls
whereas differences in prevalence were more modest for hypertension. How we identified
patients with CHD (broader vs stricter criteria) influenced the observed prevalence (in the
cases, 53.0% vs 24.2% and in the controls 29.6% vs 12.5%). Use of cardioprotective aspirin,
which was defined by a prescription duration overlapping with the index date (Figure B in S1
File) was 31.5% in the cases and 22.1% in the controls.

The model that represents current NSAID exposure by its use on the index date had the
overall worst fit based on the AIC whereas representing current NSAID exposure by its daily
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Table 2. Findings of additive interaction on MI risk between current NSAID use and hypertension or coronary comorbidities-nested case-control analyses of a
RAMQ cohort of elderly individuals.

Relative excess risk due to interaction, RERI (95%CI)*"

Hypertension Coronary heart disease Prior myocardial infarction
Primary analysis—-NSAID exposure is current dose on index date or any of the 7 prior days
Celecoxib _# -0.26 (-0.50, -0.02) 0.30 (-0.03, 0.62)
Naproxen -0.28 (-0.52, -0.04) — —
Rofecoxib — — —

Secondary analysis—-NSAID exposure is current use on index date

Celecoxib — -0.20 (-0.48, 0.08) 0.55 (0.09, 1.01)
Naproxen -0.49 (-0.97, -0.02) — —
Rofecoxib — — 0.68 (0.04, 1.31)

* Relative excess risk due to interaction (RERIor) = OR;;—OR;0—ORy; + 1 or exp(Bio+ Bo1 + B11)—exp(B1o)—exp(Bo1) + 1. This measures the extent to which, on a
difference scale, the effect of both exposures together exceeds the sum of the effects of the two exposures considered separately. Super-additivity (i.e. greater than
additive joint effects) means that the number of acute MI cases due to an NSAID in the presence of a CV comorbidity is greater than the sum of the number of MI cases
arising independently from either the NSAID exposure or the CV comorbidity. If RERIgg (95%CI) > 0, joint effects are considered to be super-additive. If RERIogr
(95%CI) < 0, joint effects are considered sub-additive. Numerical results for RERIog cannot be used to make statements about the relative magnitude of the underlying
additive interactions without knowing how baseline risks differ across groups. However only the direction, rather than the magnitude, of RERInp is needed to draw
conclusions about the public health relevance of interaction.[42]

" Based on conditional logistic regression models for which testing of interactions showed deviations from additive joint effects.

Best-fitting models include product terms for interactions as reported above

Models are adjusted for the following confounders of NSAID-acute MI association: age at index date, diabetes, hyperlipidemia, hypertension, previous myocardial
infarction, coronary heart disease, cerebrovascular disease, congestive heart failure, peripheral vascular disease, chronic obstructive pulmonary disease, gastrointestinal
ulcer disease, gastrointestinal bleeding, acute or chronic renal failure, and rheumatoid arthritis, concomitant use of oral corticosteroids, clopidogrel, and
cardioprotective aspirin. Also adjusted for recent use and past use of celecoxib, diclofenac, ibuprofen, naproxen, rofecoxib, and ‘other NSAIDs, ‘Other NSAIDS’ group
composed of diflunisal, etodolac, fenoprofen, flurbiprofen, ketoprofen, indomethacin, mefenamic acid, meloxicam, nabumetone, piroxicam, sulindac, tenoxicam,
tiaprofenic acid, tolmetin sodium.

+ Product term did not enter the best-fitting models. Refer to Table F in S1 File, which gives measures of interaction on the additive and multiplicative scales for each

product term tested individually in preliminary models.

https://doi.org/10.1371/journal.pone.0201884.t1002

dose on the index date or any of the 7 prior days had the best fit (Table D in S1 File). A previ-
ous nested case-control analysis of NSAID and MI risk in the same RAMQ dataset[14] was
based on the latter definition of NSAID exposure. The ORs (95%CI) for current exposure to
the most common daily dose versus no current exposure, were: celecoxib 200 mg: 1.16 (1.10,
1.22), diclofenac 150 mg: 1.59 (1.38, 1.84), ibuprofen 1200 mg: 1.42 (1.17, 1.74), naproxen 750
mg: 1.38 (1.21, 1.58), and rofecoxib 25 mg: 1.54 (1.43, 1.66) (see also Table E in S1 File).

In the present investigations of additive interactions, the primary analysis defined current
exposure as dose of the NSAID on the index date or any of the 7 prior days while the secondary
analysis defined current exposure as use of the NSAID on index date. For diclofenac and ibu-
profen there was no evidence of additive joint effects on MI risk with any of the studied CV
risk profiles. As shown in Table 2 listing the NSAIDs and CV risk profiles for which we found
evidence of a departure from exact additivity (based on RERI and its 95%CI not overlapping
with ‘0’), we found additive interactions involving naproxen, celecoxib, and rofecoxib.

The primary and secondary analyses agreed in finding sub-additive effects on MI risk for
naproxen and hypertension. In the primary analysis, celecoxib and CHD were sub-additive for
MI risk but this could not be shown in the secondary analysis. New interactions uncovered by
the secondary analysis (but not documented in the primary analysis) were the super-additive
joint effects of previous MI and celecoxib and rofecoxib (Table 2).
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Results for NSAIDs and CHD were unchanged when defining coronary heart disease using
stricter clinical criteria. Finally, irrespectively of how NSAID exposure was specified, we found
exactly additive effects and report no additive interaction between diclofenac, ibuprofen,
naproxen, rofecoxib or celecoxib and cardioprotective aspirin (see also Table F in S1 File).

Discussion
Summary of findings

Two alternative analyses of additive joint effects found that concomitant use of cardioprotec-
tive aspirin does not attenuate the risk of acute MI with celecoxib, rofecoxib, diclofenac, ibu-
profen or naproxen. Findings of interaction between NSAIDs and CV comorbidities were not
robust to the definition of the NSAID exposure, and for naproxen and hypertension, were
even counterintuitive. Indeed we found that joint exposure to hypertension and naproxen (but
not the other NSAIDs) was sub-additive for MI. Yet, in investigating these single risk factors,
we found that hypertension or exposure to naproxen independently increased risk of acute
MI. This sub-additive interaction could be either a spurious finding or the result of competing
antagonism [47] such that when hypertension co-occurs with current use of naproxen they
compete to trigger acute MI. In this large dataset we were unable to consistently demonstrate
interactions between an individual’s pre-existing coronary disease and NSAID associated ML
Indeed, the presence of CHD was or tended to be sub-additive with celecoxib and rofecoxib
whereas a previous myocardial infarction suggested a super-additive effect.

Comparison with other research

Based on the putative model for NSAID toxicity, cardioprotective low-dose aspirin could be
expected to mitigate MI risk in NSAID users. Yet, reports of drug-drug interactions due to
competition between aspirin and ibuprofen or naproxen for binding to COX-1 enzyme [48-
50] have fueled concerns that these NSAIDs may impair aspirin cardioprotection. The PRECI-
SION trial [3] found that celecoxib (209+37 mg) was non-inferior to ibuprofen (2045246 mg)
and naproxen (852+103 mg) for adverse CV events in arthritis patients at moderate CV risk.
[3, 51] These conclusions have been challenged namely with the assertion that celecoxib does
not interact with cardioprotective aspirin, thus potentially biasing the trial results against ibu-
profen and naproxen.[52, 53] Intuitively, cardioprotective aspirin could be predicted to miti-
gate the risk of MI in NSAID users. However, NSAIDs and aspirin share a common docking
site on COX-1, raising the potential for a competitive interaction between these drugs. [54] In
vivo [48, 50, 54-57], ex vitro [49, 58], and in vitro [58] investigations agree that ibuprofen and
naproxen interfere with the pharmacodynamic effects of aspirin, and that diclofenac does not.
Evidence of a pharmacodynamic interaction of aspirin with rofecoxib is apparently limited to
a single in vivo study. [55] Data on celecoxib are conflicting. Studies in healthy volunteers [48,
50] suggest there is no interference by celecoxib on aspirin effect on platelets while all [58-60]
but one [49] ex vivo study found that celecoxib interfered with aspirin’s action on COX-1. Dif-
ferences in experimental conditions [59] or method of platelet function testing [61] may
explain why results of pharmacodynamic studies might be discordant. A review of this litera-
ture concludes that celecoxib can attenuate the antiplatelet effects of low-dose aspirin in a
dose-dependent fashion.[62] Our findings that NSAIDs and cardioprotective aspirin have an
exactly additive effect on acute MI suggest that pharmacological studies of interaction between
these drugs might have an imperfect clinical correlate. Alternatively, the extent to which aspi-
rin and individual NSAIDS interact with regard to risk of MI might vary, and this potential
interaction might also be influenced by residual confounding. Moreover underascertainment
of OTC cardioprotective aspirin use may have occurred.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 8/15


https://doi.org/10.1371/journal.pone.0201884

@° PLOS | ONE

Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

Previous registry [63] and database studies [64, 65] found no significant interactions on MI
risk between NSAIDs and cardioprotective aspirin or hypertension. To our knowledge, there
are only two previous studies of NSAIDs and CV profile interactions on the additive scale.
Garcia Rodriguez [66] gave RERI point estimates in reference to acute MI with ibuprofen or
naproxen in those also taking aspirin but without the associated confidence limits, which pre-
cludes a full interpretation of their results. Solomon and colleagues [67] investigated additive
interactions using a measure of Rothman’s proportion attributable to interaction (AP or
RERIRr/RR;;) [42] but the outcome was a composite cardiovascular endpoint and not limited
to ML

Strengths and limitations

In this study, misclassification was minimized by measuring the status of exposures and con-
founders for each day of follow-up time. Confounding was controlled by a multivariable
regression, and matching on baseline characteristics, date of cohort entry, and duration of fol-
low-up time in the cohort. This matching on time is an important quality feature. Although
rofecoxib has been off the market for over a decade it is still relevant to discussing the CV
safety of NSAIDs. It is worth emphasizing that choosing a timeframe before rofecoxib with-
drawal is the most effective way to minimize the influence of confounding by indication or by
contraindication and of selective prescribing in an observational study of NSAIDs CV safety.
Another strength of our work is the prespecified alternative specifications of NSAID exposure-
related variables. With such approach, we uncovered conflicting results for interaction
between NSAID-associated MI risk and pre-existing coronary disease.

In this healthcare database study, exposure misclassification due to ‘as needed’ use of
NSAIDs may be expected to have occurred in a non-differential manner between cases and
controls. Underascertainment of OTC ibuprofen and cardioprotective aspirin use is possible
although the older adults enrolled in this study likely sought a prescription to be reimbursed
for the cost of these medications.[14, 68] Whereas exposure to ibuprofen may have been
underestimated due to OTC use, especially for short-term low doses, it may have been overes-
timated when ibuprofen was prescribed ‘as needed’.[14] Silent MIs or out-of-hospital fatal MIs
are not captured in the source database however we do not expect that these would differ from
documented MI by exposure to NSAIDs.

As we anticipated when designing this study, uncontrolled biases can spuriously mask or
suggest the presence of additive interactions. Therefore, alternative explanations for our results
include systematic and random errors[7]. The finding of a sub-additive interaction involving
hypertension and naproxen, but not the other NSAIDs, is suspicious. If competing antagonism
is an explanation for the naproxen-hypertension interaction then this would also be expected
to occur for other interaction pairs. Likewise the results from the primary analysis and the sec-
ondary analysis would not be expected to differ if competing antagonism was the explanatory
mechanism. Similar to other NSAIDs, the effect of naproxen on acute MI risk may involve
mediation[69] by hypertension (or increased blood pressure).[70-72] A cohort study reported
observing a dose response between naproxen and systolic blood pressure.[73] As our study
was solely based on administrative health data, the association of increased blood pressure
with acute MI could not be controlled for the confounding effect of prior naproxen use and of
previous blood pressure values over time (see Figure D in S1 File). Residual confounding of
naproxen-associated MI by elevated blood pressure may or may not explain why hypertension
and naproxen were sub-additive.

The presence of CHD is both a potentially interacting CV risk factor and a potential con-
founder of the celecoxib-acute MI association (Figure E, panel 1 in S1 File). Smoking data was
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unavailable and consequently, the association between existing coronary heart disease and
NSAID associated acute MI may be confounded by smoking thereby leading to a biased RERI
[74] (see Figure E, panel 2 in S1 File). This is an alternative explanation for the finding of a
sub-additive effect between celecoxib and CHD. Assuming there is possible residual confound-
ing of CHD by smoking, if the distribution of CHD in the population is not independent of
celecoxib prescriptions and if smoking interacts with celecoxib on the additive scale (see
Figure E, panel 2 in S1 File), then RERI may be biased. [74] Although it has been proposed to
perform sensitivity analysis of interaction estimates by using bias corrected formulae,[75]
implementation in this study would be problematic since we are possibly dealing with multiple
CV risk profiles and multiple NSAID exposures for which bias correction might be needed.

As with all database studies, which measure drug dispensing and not actual drug intake, it
was impossible to perfectly capture real-life adherence. Moreover, ascertainment of CV risk
profiles is not immune to misclassification. Bias corrected formulae for sensitivity analysis of
interaction estimates under measurement error [74] assume that misclassification of NSAID
occurs independently of misclassification of the CV risk profile and that it is non-differential
between cases and controls, which may not always be true. Also, type I error could have
occurred due to multiple testing.

In general, fairly large sample sizes are required to detect interaction, [76] and the power to
detect statistical interactions is said to be typically an order of magnitude less than the power
to detect main effects. [77] Despite the large size and the common prevalence of CV risk pro-
files in this study (Table 1), current NSAID exposure may have been too sparse, resulting in a
very small effective sample potentially unsuitable for interaction studies. [78] Lastly, being able
to conclude about deviation from exact additivity of risks hinges on the precision of the esti-
mate for RERI. In some instances its confidence interval was very wide indicating that power
was indeed limited to make definitive conclusions. In such case, the more appropriate inter-
pretation is that RERI was inconclusive. In future studies, Bayesian estimation might be helpful
in that regard. [79] The posterior distribution could provide the probability that a RERI is
greater than zero, thus allowing additional inferences about additive interactions.

Conclusion

Assessing interaction on the additive scale is a relatively new practice in pharmacoepidemiolo-
gic studies. Despite-or maybe perhaps of methodological rigour-we were unable to demon-
strate consistent interactions between an individual’s cardiovascular comorbidities and
NSAID-associated acute MI. Our study highlights challenges for studying multiple two-way
additive interactions in a healthcare database. A key substantive finding, supported by sensitiv-
ity analyses, is that cardioprotective aspirin does not seem to mitigate the risk of acute MI for
any of the common NSAIDs. Replication of these results is nonetheless needed as are further
studies of additive joint effects on MI for NSAIDs and hypertension or pre-existing coronary
disease. Our work underscores the need for verifying the robustness of additive interaction
findings.

Supporting information

S1 File. Supporting information tables and figures.
(DOCX)

Author Contributions
Conceptualization: Michele Bally, James M. Brophy.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 10/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0201884.s001
https://doi.org/10.1371/journal.pone.0201884

@° PLOS | ONE

Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

Data curation: Michele Bally, Lyne Nadeau.
Formal analysis: Michéle Bally.

Investigation: Michéle Bally.
Methodology: Michele Bally.

Project administration: Michéle Bally.

Resources: James M. Brophy.

Software: Michele Bally, Lyne Nadeau.

Supervision: James M. Brophy.

Validation: James M. Brophy.

Visualization: Michele Bally.
Writing - original draft: Michéle Bally.

Writing - review & editing: Michele Bally, James M. Brophy.

References

1.

10.

1.

12

McAlindon TE, Bannuru RR, Sullivan MC, Arden NK, Berenbaum F, Bierma-Zeinstra SM, et al. OARSI
guidelines for the non-surgical management of knee osteoarthritis. Osteoarthritis and cartilage / OARS,
Osteoarthritis Research Society. 2014; 22(3):363-88. https://doi.org/10.1016/j.joca.2014.01.003 PMID:
24462672.

Scarpignato C, Lanas A, Blandizzi C, Lems WF, Hermann M, Hunt RH. Safe prescribing of non-steroi-
dal anti-inflammatory drugs in patients with osteoarthritis—an expert consensus addressing benefits as
well as gastrointestinal and cardiovascular risks. BMC medicine. 2015; 13:55. https://doi.org/10.1186/
512916-015-0285-8 PMID: 25857826; PubMed Central PMCID: PMCPMC4365808.

Nissen SE, Yeomans ND, Solomon DH, Luscher TF, Libby P, Husni ME, et al. Cardiovascular safety of
celecoxib, naproxen, or ibuprofen for arthritis. N Engl J Med. 2016; 375(26):2519-29. https://doi.org/10.
1056/NEJMoa1611593 PMID: 27959716.

Gore M, Sadosky A, Leslie D, Tai KS, Seleznick M. Patterns of therapy switching, augmentation, and
discontinuation after initiation of treatment with select medications in patients with osteoarthritis. Clin
Ther. 2011; 33(12):1914-31. https://doi.org/10.1016/j.clinthera.2011.10.019 PMID: 220884 16.

Langman M, Kahler KH, Kong SX, Zhang Q, Finch E, Bentkover JD, et al. Drug switching patterns
among patients taking non-steroidal anti-inflammatory drugs: a retrospective cohort study of a general
practitioners database in the United Kingdom. Pharmacoepidemiol Drug Saf. 2001; 10(6):517—24.
https://doi.org/10.1002/pds.653 PMID: 11828834.

GetReal. New methods for RWE collection and synthesis. WP1: D1.3 GetReal Glossary—Including
Comments & Replies from Consultation Rounds. Retrieved from https://www.imi-getreal.eu/
Publications/Deliverables-and-reports. Last accessed on October 13, 2017.

Greenland S. Interactions in epidemiology: relevance, identification, and estimation. Epidemiology.
2009; 20(1):14—7. https://doi.org/10.1097/EDE.Ob013e318193e7b5 PMID: 19234397.

Greenland S, Lash T, Rothman K. Concept of interaction. Chapter 5. In: Modern Epidemiology 3rd edi-
tion. Philadelphia: Lippincott Williams & Wilkins 2008. p. 71-83.

Rothman KJ, Greenland S, Walker AM. Concepts of interaction. Am J Epidemiol. 1980; 112(4):467-70.
PMID: 7424895.

Tamblyn R, Lavoie G, Petrella L, Monette J. The use of prescription claims databases in pharmacoepi-
demiological research: the accuracy and comprehensiveness of the prescription claims database in
Quebec. J Clin Epidemiol. 1995; 48(8):999-1009. PMID: 7775999.

Wilchesky M, Tamblyn RM, Huang A. Validation of diagnostic codes within medical services claims. J
Clin Epidemiol. 2004; 57(2):131—41. https://doi.org/10.1016/S0895-4356(03)00246-4 PMID: 15125622,

Lambert L, Blais C, Hamel D, Brown K, Rinfret S, Cartier R, et al. Evaluation of care and surveillance of
cardiovascular disease: can we trust medico-administrative hospital data? Can J Cardiol. 2012; 28
(2):162-8. https://doi.org/10.1016/j.cjca.2011.10.005 PMID: 22230034.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018

11/15


https://doi.org/10.1016/j.joca.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24462672
https://doi.org/10.1186/s12916-015-0285-8
https://doi.org/10.1186/s12916-015-0285-8
http://www.ncbi.nlm.nih.gov/pubmed/25857826
https://doi.org/10.1056/NEJMoa1611593
https://doi.org/10.1056/NEJMoa1611593
http://www.ncbi.nlm.nih.gov/pubmed/27959716
https://doi.org/10.1016/j.clinthera.2011.10.019
http://www.ncbi.nlm.nih.gov/pubmed/22088416
https://doi.org/10.1002/pds.653
http://www.ncbi.nlm.nih.gov/pubmed/11828834
https://www.imi-getreal.eu/Publications/Deliverables-and-reports
https://www.imi-getreal.eu/Publications/Deliverables-and-reports
https://doi.org/10.1097/EDE.0b013e318193e7b5
http://www.ncbi.nlm.nih.gov/pubmed/19234397
http://www.ncbi.nlm.nih.gov/pubmed/7424895
http://www.ncbi.nlm.nih.gov/pubmed/7775999
https://doi.org/10.1016/S0895-4356(03)00246-4
http://www.ncbi.nlm.nih.gov/pubmed/15125622
https://doi.org/10.1016/j.cjca.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22230034
https://doi.org/10.1371/journal.pone.0201884

o ®
@ : PLOS | ONE Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Levy AR, Tamblyn RM, Fitchett D, McLeod PJ, Hanley JA. Coding accuracy of hospital discharge data
for elderly survivors of myocardial infarction. Can J Cardiol. 1999; 15(11):1277-82. PMID: 10579743.

Bally M, Beauchamp ME, Abrahamowicz M, Nadeau L, Brophy JM. Risk of acute myocardial infarction
with real-world NSAIDs depends on dose and timing of exposure. Pharmacoepidemiol Drug Saf. 2018;
27(1):69-77. Epub 24 November 2017. https://doi.org/10.1002/pds.4358 PMID: 29171096.

Bally M, Dendukuri N, Rich B, Nadeau L, Helin-Salmivaara A, Garbe E, et al. Risk of acute myocardial
infarction with NSAIDs in real world use: bayesian meta-analysis of individual patient data. BMJ. 2017;
357:j1909 https://doi.org/10.1136/bmj.j1909 PMID: 28487435

Baron JA, Sandler RS, Bresalier RS, Lanas A, Morton DG, Riddell R, et al. Cardiovascular events asso-
ciated with rofecoxib: final analysis of the APPROVe trial. Lancet. 2008; 372(9651):1756—64. https://
doi.org/10.1016/S0140-6736(08)61490-7 PMID: 18922570

Bombardier C, Laine L, Reicin A, Shapiro D, Burgos-Vargas R, Davis B, et al. Comparison of upper gas-
trointestinal toxicity of rofecoxib and naproxen in patients with rheumatoid arthritis. N Engl J Med. 2000;
343(21):1520-8. https://doi.org/10.1056/NEJM200011233432103 PMID: 11087881

Bresalier RS, Sandler RS, Quan H, Bolognese JA, Oxenius B, Horgan K, et al. Cardiovascular events
associated with rofecoxib in a colorectal adenoma chemoprevention trial. N Engl J Med. 2005; 352
(11):1092—-102. https://doi.org/10.1056/NEJM0a050493 PMID: 15713943

Ross JS, Madigan D, Hill KP, Egilman DS, Wang Y, Krumholz HM. Pooled analysis of rofecoxib pla-
cebo-controlled clinical trial data: lessons for postmarket pharmaceutical safety surveillance. Arch
Intern Med. 2009; 169(21):1976-85. doi: 169/21/1976 [pii] https://doi.org/10.1001/archinternmed.2009.
394 PMID: 19933959; PubMed Central PMCID: PMC2830805.

Chang CH, Shau WY, Kuo CW, Chen ST, Lai MS. Increased risk of stroke associated with nonsteroidal
anti-inflammatory drugs: A nationwide case-crossover study. Stroke. 2010; 41 (9):1884-90. https://doi.
org/10.1161/STROKEAHA.110.585828 PMID: 20671253.

Kiyota Y, Schneeweiss S, Glynn RJ, Cannuscio CC, Avorn J, Solomon DH. Accuracy of Medicare
claims-based diagnosis of acute myocardial infarction: estimating positive predictive value on the basis
of review of hospital records. American heart journal. 2004; 148(1):99-104. https://doi.org/10.1016/j.
ahj.2004.02.013 PMID: 15215798.

Wahl PM, Rodgers K, Schneeweiss S, Gage BF, Butler J, Wilmer C, et al. Validation of claims-based
diagnostic and procedure codes for cardiovascular and gastrointestinal serious adverse eventsin a
commercially-insured population. Pharmacoepidemiol Drug Saf. 2010; 19(6):596—603. https://doi.org/
10.1002/pds.1924 PMID: 20140892.

Floyd CN, Ferro A. Mechanisms of aspirin resistance. Pharmacology & therapeutics. 2014; 141(1):69—
78. https://doi.org/10.1016/j.pharmthera.2013.08.005 PMID: 23993980.

Pignone M, Alberts MJ, Colwell JA, Cushman M, Inzucchi SE, Mukherjee D, et al. Aspirin for primary
prevention of cardiovascular events in people with diabetes. J Am Coll Cardiol. 2010; 55(25):2878-86.
https://doi.org/10.1016/j.jacc.2010.04.003 PMID: 20579547

Coca SG, Yusuf B, Shlipak MG, Garg AX, Parikh CR. Long-term risk of mortality and other adverse out-
comes after acute kidney injury: a systematic review and meta-analysis. Am J Kidney Dis. 2009; 53
(6):961-73. https://doi.org/10.1053/j.ajkd.2008.11.034 PMID: 19346042; PubMed Central PMCID:
PMCPMC2726041.

Hall AJ, Stubbs B, Mamas MA, Myint PK, Smith TO. Association between osteoarthritis and cardiovas-
cular disease: systematic review and meta-analysis. Eur J Prev Cardiol. 2015. https://doi.org/10.1177/
2047487315610663 PMID: 26464295.

Han MK, McLaughlin VV, Criner GJ, Martinez FJ. Pulmonary diseases and the heart. Circulation. 2007;
116(25):2992—-3005. https://doi.org/10.1161/CIRCULATIONAHA.106.685206 PMID: 18086941.

Meisinger C, Doring A, Lowel H. Chronic kidney disease and risk of incident myocardial infarction and
all-cause and cardiovascular disease mortality in middle-aged men and women from the general popu-
lation. Eur Heart J. 2006; 27(10):1245-50. https://doi.org/10.1093/eurheartj/ehi880 PMID: 16611670.

Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic research. Epidemiology. 1999; 10
(1):37—-48. PMID: 9888278.

Sauer BC, Brookhart MA, Roy J, Vanderweele T. A review of covariate selection for non-experimental
comparative effectiveness research. Pharmacoepidemiol Drug Saf. 2013. https://doi.org/10.1002/pds.
3506 PMID: 24006330.

Robins JM, Hernan MA, Brumback B. Marginal structural models and causal inference in epidemiology.
Epidemiology. 2000; 11(5):550-60. PMID: 10955408.

Abraham NS, Cohen DC, Rivers B, Richardson P. Validation of administrative data used for the diagno-
sis of upper gastrointestinal events following nonsteroidal anti-inflammatory drug prescription. Aliment

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 12/15


http://www.ncbi.nlm.nih.gov/pubmed/10579743
https://doi.org/10.1002/pds.4358
http://www.ncbi.nlm.nih.gov/pubmed/29171096
https://doi.org/10.1136/bmj.j1909
http://www.ncbi.nlm.nih.gov/pubmed/28487435
https://doi.org/10.1016/S0140-6736(08)61490-7
https://doi.org/10.1016/S0140-6736(08)61490-7
http://www.ncbi.nlm.nih.gov/pubmed/18922570
https://doi.org/10.1056/NEJM200011233432103
http://www.ncbi.nlm.nih.gov/pubmed/11087881
https://doi.org/10.1056/NEJMoa050493
http://www.ncbi.nlm.nih.gov/pubmed/15713943
https://doi.org/10.1001/archinternmed.2009.394
https://doi.org/10.1001/archinternmed.2009.394
http://www.ncbi.nlm.nih.gov/pubmed/19933959
https://doi.org/10.1161/STROKEAHA.110.585828
https://doi.org/10.1161/STROKEAHA.110.585828
http://www.ncbi.nlm.nih.gov/pubmed/20671253
https://doi.org/10.1016/j.ahj.2004.02.013
https://doi.org/10.1016/j.ahj.2004.02.013
http://www.ncbi.nlm.nih.gov/pubmed/15215798
https://doi.org/10.1002/pds.1924
https://doi.org/10.1002/pds.1924
http://www.ncbi.nlm.nih.gov/pubmed/20140892
https://doi.org/10.1016/j.pharmthera.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23993980
https://doi.org/10.1016/j.jacc.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20579547
https://doi.org/10.1053/j.ajkd.2008.11.034
http://www.ncbi.nlm.nih.gov/pubmed/19346042
https://doi.org/10.1177/2047487315610663
https://doi.org/10.1177/2047487315610663
http://www.ncbi.nlm.nih.gov/pubmed/26464295
https://doi.org/10.1161/CIRCULATIONAHA.106.685206
http://www.ncbi.nlm.nih.gov/pubmed/18086941
https://doi.org/10.1093/eurheartj/ehi880
http://www.ncbi.nlm.nih.gov/pubmed/16611670
http://www.ncbi.nlm.nih.gov/pubmed/9888278
https://doi.org/10.1002/pds.3506
https://doi.org/10.1002/pds.3506
http://www.ncbi.nlm.nih.gov/pubmed/24006330
http://www.ncbi.nlm.nih.gov/pubmed/10955408
https://doi.org/10.1371/journal.pone.0201884

o ®
@ : PLOS | ONE Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Pharmacol Ther. 2006; 24(2):299-306. Epub 2006/07/18. https://doi.org/10.1111/j.1365-2036.2006.
02985.x PMID: 16842456.

American Health Information Management Association. Coding for peripheral vascular disease (PVD).
Audio seminar/webinar. August 20, 2009. http://campus.ahima.org/audio/2009/RB082009.pdf. Last
accessed on October 13, 2017.

Andrade SE, Harrold LR, Tjia J, Cutrona SL, Saczynski JS, Dodd KS, et al. A systematic review of vali-
dated methods for identifying cerebrovascular accident or transient ischemic attack using administrative
data. Pharmacoepidemiol Drug Saf. 2012; 21:100-28. https://doi.org/10.1002/pds.2312 PMID:
22262598

Cooke CR, Joo MJ, Anderson SM, Lee TA, Udris EM, Johnson E, et al. The validity of using ICD-9
codes and pharmacy records to identify patients with chronic obstructive pulmonary disease. BMC
health services research. 2011; 11:37. https://doi.org/10.1186/1472-6963-11-37 PMID: 21324188;
PubMed Central PMCID: PMCPMC3050695.

Roumie CL, Mitchel E, Gideon PS, Varas-Lorenzo C, Castellsague J, Griffin MR. Validation of ICD-9
codes with a high positive predictive value for incident strokes resulting in hospitalization using Medicaid
health data. Pharmacoepidemiol Drug Saf. 2008; 17(1):20-6. https://doi.org/10.1002/pds.1518 PMID:
17979142

Saczynski JS, Andrade SE, Harrold LR, Tjia J, Cutrona SL, Dodd KS, et al. A systematic review of vali-
dated methods for identifying heart failure using administrative data. Pharmacoepidemiol Drug Saf.
2012; 21:129-40. https://doi.org/10.1002/pds.2313 PMID: 22262599

Arnold JM, Liu P, Demers C, Dorian P, Giannetti N, Haddad H, et al. Canadian Cardiovascular Society
consensus conference recommendations on heart failure 2006: diagnosis and management. Can J
Cardiol. 2006; 22(1):23—45. PMID: 16450016; PubMed Central PMCID: PMCPMC2538984.

Lee DS, Mamdani MM, Austin PC, Gong Y, Liu PP, Rouleau JL, et al. Trends in heart failure outcomes
and pharmacotherapy: 1992 to 2000. Am J Med. 2004; 116(9):581-9. https://doi.org/10.1016/j.amjmed.
20083.11.025 PMID: 15093753.

Liu P, Arnold JM, Belenkie |, Demers C, Dorian P, Gianetti N, et al. The 2002/3 Canadian Cardiovascu-
lar Society consensus guideline update for the diagnosis and management of heart failure. Can J Car-
diol. 2003; 19(4):347-56. PMID: 12704478.

Tavares R, Pope JE, Tremblay JL, Thorne C, Bykerk VP, Lazovskis J, et al. Early management of
newly diagnosed rheumatoid arthritis by Canadian rheumatologists: a national, multicenter, retrospec-
tive cohort. The Journal of rheumatology. 2011; 38(11):2342-5. https://doi.org/10.3899/jrheum.110249
PMID: 21885485.

VanderWeele TJ, Knol MJ. A tutorial on interactions. Epidemiol Method. 2014; 3(1):33—72. https://doi.
org/10.1515/em-2013-0005

Essebag V, Platt RW, Abrahamowicz M, Pilote L. Comparison of nested case-control and survival anal-
ysis methodologies for analysis of time-dependent exposure. BMC Med Res Methodol. 2005; 5(1):5.
https://doi.org/10.1186/1471-2288-5-5 PMID: 15670334; PubMed Central PMCID: PMCPMC548149.

Akaike H. A new look at the statistical model identification. IEEE Trans Automat Contr. 1974; 19
(6):716-23. https://doi.org/10.1109/TAC.1974.1100705

Beydoun MA, Beydoun HA, Kaufman JS, An 'Y, Resnick SM, O’'Brien R, et al. Apolipoprotein E epsilon4
allele interacts with sex and cognitive status to influence all-cause and cause-specific mortality in U.S.
older adults. Journal of the American Geriatrics Society. 2013; 61(4):525-34. https://doi.org/10.1111/
jgs.12156 PMID: 23581910; PubMed Central PMCID: PMCPMC3628727.

Schwartz S. Modern Epidemiologic Approaches to Interaction: Applications to the Study of Genetic
Interactions. Appendix E. In: Hernandez LM, Blazer DG, Editors. Genes, Behavior, and the Social Envi-
ronment: Moving Beyond the Nature/Nurture Debate Committee on Assessing Interactions Among
Social, Behavioral, and Genetic Factors in Health. 2006. pp. 310-337. Available at: http://www.ncbi.
nim.nih.gov/books/NBK19929/pdf/Bookshelf_NBK19929.pdf. Last accessed February 23, 2016.

VanderWeele TJ, Knol MJ. Remarks on antagonism. Am J Epidemiol. 2011; 173(10):1140-7. https://
doi.org/10.1093/aje/kwr009 PMID: 21490044; PubMed Central PMCID: PMCPMC3121324.

Gladding PA, Webster MW, Farrell HB, Zeng IS, Park R, Ruijne N. The antiplatelet effect of six non-ste-
roidal anti-inflammatory drugs and their pharmacodynamic interaction with aspirin in healthy volunteers.
Am J Cardiol. 2008; 101(7):1060-3. https://doi.org/10.1016/j.amjcard.2007.11.054 PMID: 18359332.

Li X, Fries S, Li R, Lawson JA, Propert KJ, Diamond SL, et al. Differential impairment of aspirin-depen-
dent platelet cyclooxygenase acetylation by nonsteroidal antiinflammatory drugs. Proceedings of the
National Academy of Sciences of the United States of America. 2014; 111(47):16830-5. https://doi.org/
10.1073/pnas.1406997111 PMID: 25385584; PubMed Central PMCID: PMCPMC4250103.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 13/15


https://doi.org/10.1111/j.1365-2036.2006.02985.x
https://doi.org/10.1111/j.1365-2036.2006.02985.x
http://www.ncbi.nlm.nih.gov/pubmed/16842456
http://campus.ahima.org/audio/2009/RB082009.pdf
https://doi.org/10.1002/pds.2312
http://www.ncbi.nlm.nih.gov/pubmed/22262598
https://doi.org/10.1186/1472-6963-11-37
http://www.ncbi.nlm.nih.gov/pubmed/21324188
https://doi.org/10.1002/pds.1518
http://www.ncbi.nlm.nih.gov/pubmed/17979142
https://doi.org/10.1002/pds.2313
http://www.ncbi.nlm.nih.gov/pubmed/22262599
http://www.ncbi.nlm.nih.gov/pubmed/16450016
https://doi.org/10.1016/j.amjmed.2003.11.025
https://doi.org/10.1016/j.amjmed.2003.11.025
http://www.ncbi.nlm.nih.gov/pubmed/15093753
http://www.ncbi.nlm.nih.gov/pubmed/12704478
https://doi.org/10.3899/jrheum.110249
http://www.ncbi.nlm.nih.gov/pubmed/21885485
https://doi.org/10.1515/em-2013-0005
https://doi.org/10.1515/em-2013-0005
https://doi.org/10.1186/1471-2288-5-5
http://www.ncbi.nlm.nih.gov/pubmed/15670334
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1111/jgs.12156
https://doi.org/10.1111/jgs.12156
http://www.ncbi.nlm.nih.gov/pubmed/23581910
http://www.ncbi.nlm.nih.gov/books/NBK19929/pdf/Bookshelf_NBK19929.pdf
http://www.ncbi.nlm.nih.gov/books/NBK19929/pdf/Bookshelf_NBK19929.pdf
https://doi.org/10.1093/aje/kwr009
https://doi.org/10.1093/aje/kwr009
http://www.ncbi.nlm.nih.gov/pubmed/21490044
https://doi.org/10.1016/j.amjcard.2007.11.054
http://www.ncbi.nlm.nih.gov/pubmed/18359332
https://doi.org/10.1073/pnas.1406997111
https://doi.org/10.1073/pnas.1406997111
http://www.ncbi.nlm.nih.gov/pubmed/25385584
https://doi.org/10.1371/journal.pone.0201884

o ®
@ : PLOS | ONE Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Renda G, Tacconelli S, Capone ML, Sacchetta D, Santarelli F, Sciulli MG, et al. Celecoxib, ibuprofen,
and the antiplatelet effect of aspirin in patients with osteoarthritis and ischemic heart disease. Clin Phar-
macol Ther. 2006; 80(3):264—74. https://doi.org/10.1016/j.clpt.2006.05.004 PMID: 16952493.

Nissen SE, Yeomans ND, Solomon DH, Luscher TF, Libby P, Husni ME, et al. Supplement to: Cardio-
vascular safety of celecoxib, naproxen, or ibuprofen for arthritis. N Engl J Med 2016. https://doi.org/10.
1056/NEJMoa1611593 PMID: 27959716

Grosser T, Ricciotti E, FitzGerald GA. The cardiovascular pharmacology of nonsteroidal anti-inflamma-
tory drugs. Trends in pharmacological sciences. 2017; 38(8):733—48. Epub 2017/06/28. https://doi.org/
10.1016/j.tips.2017.05.008 PMID: 28651847.

Patrono C, Baigent C. Coxibs, traditional NSAIDs, and cardiovascular safety post-PRECISION: what
we tought we knew then and what we think we know now. Clin Pharmacol Ther. 2017; 102(2):238—45.
Epub 2017/04/06. https://doi.org/10.1002/cpt.696 PMID: 28378879.

Kurth T, Glynn RJ, Walker AM, Chan KA, Buring JE, Hennekens CH, et al. Inhibition of clinical benefits
of aspirin on first myocardial infarction by nonsteroidal antiinflammatory drugs. Circulation. 2003; 108
(10):1191-5. https://doi.org/10.1161/01.CIR.0000087593.07533.9B 01.CIR.0000087593.07533.9B
[pii]. PMID: 12939216.

Catella-Lawson F, Reilly MP, Kapoor SC, Cucchiara AJ, DeMarco S, Tournier B, et al. Cyclooxygenase
inhibitors and the antiplatelet effects of aspirin. N Engl J Med. 2001; 345(25):1809—17. https://doi.org/
10.1056/NEJM0a003199 PMID: 11752357.

Meek IL, Vonkeman HE, Kasemier J, Movig KL, van de Laar MA. Interference of NSAIDs with the
thrombocyte inhibitory effect of aspirin: a placebo-controlled, ex vivo, serial placebo-controlled serial
crossover study. Eur J Clin Pharmacol. 2013; 69(3):365-71. https://doi.org/10.1007/s00228-012-1370-
y PMID: 22890587.

Schuijt MP, Huntjens-Fleuren HW, de Metz M, Vollaard EJ. The interaction of ibuprofen and diclofenac
with aspirin in healthy volunteers. Br J Pharmacol. 2009; 157(6):931—4. https://doi.org/10.1111/j.1476-
5381.2009.00243.x PMID: 19466986; PubMed Central PMCID: PMC2737651.

Saxena A, Balaramnavar VM, Hohlfeld T, Saxena AK. Drug/drug interaction of common NSAIDs with
antiplatelet effect of aspirin in human platelets. European journal of pharmacology. 2013; 721(1-
3):215-24. https://doi.org/10.1016/j.ejphar.2013.09.032 PMID: 24075938.

Goltsov A, Maryashkin A, Swat M, Kosinsky Y, Humphery-Smith I, Demin O, et al. Kinetic modelling of
NSAID action on COX-1: focus on in vitro/in vivo aspects and drug combinations. European journal of
pharmaceutical sciences: official journal of the European Federation for Pharmaceutical Sciences.
2009; 36(1):122-36. https://doi.org/10.1016/j.ejps.2008.10.015 PMID: 19028575.

Rimon G, Sidhu RS, Lauver DA, Lee JY, Sharma NP, Yuan C, et al. Coxibs interfere with the action of
aspirin by binding tightly to one monomer of cyclooxygenase-1. Proceedings of the National Academy
of Sciences of the United States of America. 2010; 107(1):28-33. https://doi.org/10.1073/pnas.
0909765106 PMID: 19955429; PubMed Central PMCID: PMCPMC2806742.

Hohlfeld T, Schror K. Inhibition of antiplatelet effects of aspirin by nonopioid analgesics. Clin Pharmacol
Ther. 2015; 97(2):131—4. https://doi.org/10.1002/cpt.21 PMID: 25670517.

Stepensky D, Rimon G. Competition between low-dose aspirin and other NSAIDs for COX-1 binding
and its clinical consequences for the drugs’ antiplatelet effects. Expert Opin Drug Metab Toxicol. 2015;
11(1):41-52. Epub 2014/10/14. https://doi.org/10.1517/17425255.2014.971010 PMID: 25307725.

Kohli P, Steg PG, Cannon CP, Smith SC Jr., Eagle KA, Ohman EM, et al. NSAID use and association
with cardiovascular outcomes in outpatients with stable atherothrombotic disease. Am J Med. 2014;
127(1):53-60 e1. https://doi.org/10.1016/j.amjmed.2013.08.017 PMID: 24280110.

Brophy JM, Lévesque LE, Zhang B. The coronary risk of cyclo-oxygenase-2 inhibitors in patients with a
previous myocardial infarction. Heart. 2007; 93(2):189-94. https://doi.org/10.1136/hrt.2006.089367
PMID: 16849374

Shau WY, Chen HC, Chen ST, Chou HW, Chang CH, Kuo CW, et al. Risk of new acute myocardial
infarction hospitalization associated with use of oral and parenteral non-steroidal anti-inflammation
drugs (NSAIDs): a case-crossover study of Taiwan’s National Health Insurance claims database and
review of current evidence. BMC Cardiovasc Disord. 2012; 12(4). https://doi.org/10.1186/1471-2261-
12-4 PMID: 2012117885.

Garcia Rodriguez LA, Tacconelli S, Patrignani P. Role of dose potency in the prediction of risk of myo-
cardial infarction associated with nonsteroidal anti-inflammatory drugs in the general population. J Am
Coll Cardiol. 2008; 52(20):1628-36. https://doi.org/10.1016/j.jacc.2008.08.041 PMID: 18992652

Solomon DH, Glynn RJ, Rothman KJ, Schneeweiss S, Setoguchi S, Mogun H, et al. Subgroup analyses
to determine cardiovascular risk associated with nonsteroidal antiinflammatory drugs and coxibs in spe-
cific patient groups. Arthritis Rheum. 2008; 59(8):1097—-104. https://doi.org/10.1002/art.23911 PMID:
18668605; PubMed Central PMCID: PMC2884183.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 14/15


https://doi.org/10.1016/j.clpt.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16952493
https://doi.org/10.1056/NEJMoa1611593
https://doi.org/10.1056/NEJMoa1611593
http://www.ncbi.nlm.nih.gov/pubmed/27959716
https://doi.org/10.1016/j.tips.2017.05.008
https://doi.org/10.1016/j.tips.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28651847
https://doi.org/10.1002/cpt.696
http://www.ncbi.nlm.nih.gov/pubmed/28378879
https://doi.org/10.1161/01.CIR.0000087593.07533.9B
http://www.ncbi.nlm.nih.gov/pubmed/12939216
https://doi.org/10.1056/NEJMoa003199
https://doi.org/10.1056/NEJMoa003199
http://www.ncbi.nlm.nih.gov/pubmed/11752357
https://doi.org/10.1007/s00228-012-1370-y
https://doi.org/10.1007/s00228-012-1370-y
http://www.ncbi.nlm.nih.gov/pubmed/22890587
https://doi.org/10.1111/j.1476-5381.2009.00243.x
https://doi.org/10.1111/j.1476-5381.2009.00243.x
http://www.ncbi.nlm.nih.gov/pubmed/19466986
https://doi.org/10.1016/j.ejphar.2013.09.032
http://www.ncbi.nlm.nih.gov/pubmed/24075938
https://doi.org/10.1016/j.ejps.2008.10.015
http://www.ncbi.nlm.nih.gov/pubmed/19028575
https://doi.org/10.1073/pnas.0909765106
https://doi.org/10.1073/pnas.0909765106
http://www.ncbi.nlm.nih.gov/pubmed/19955429
https://doi.org/10.1002/cpt.21
http://www.ncbi.nlm.nih.gov/pubmed/25670517
https://doi.org/10.1517/17425255.2014.971010
http://www.ncbi.nlm.nih.gov/pubmed/25307725
https://doi.org/10.1016/j.amjmed.2013.08.017
http://www.ncbi.nlm.nih.gov/pubmed/24280110
https://doi.org/10.1136/hrt.2006.089367
http://www.ncbi.nlm.nih.gov/pubmed/16849374
https://doi.org/10.1186/1471-2261-12-4
https://doi.org/10.1186/1471-2261-12-4
http://www.ncbi.nlm.nih.gov/pubmed/2012117885
https://doi.org/10.1016/j.jacc.2008.08.041
http://www.ncbi.nlm.nih.gov/pubmed/18992652
https://doi.org/10.1002/art.23911
http://www.ncbi.nlm.nih.gov/pubmed/18668605
https://doi.org/10.1371/journal.pone.0201884

o ®
@ : PLOS | ONE Additive interactions in healthcare database: NSAIDs, cardiovascular profiles, and acute myocardial infarction

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Hudson M, Rahme E, Richard H, Pilote L. Risk of congestive heart failure with nonsteroidal antiinflam-
matory drugs and selective cyclooxygenase 2 inhibitors: a class effect? Arthritis Rheum. 2007; 57
(3):516-23. https://doi.org/10.1002/art.22614 PMID: 17394181

VanderWeele TJ. A unification of mediation and interaction: a 4-way decomposition. Epidemiology.
2014; 25(5):749-61. https://doi.org/10.1097/EDE.0000000000000121 PMID: 25000145; PubMed Cen-
tral PMCID: PMCPMC4220271.

Chan CC, Reid CM, Aw TJ, Liew D, Haas SJ, Krum H. Do COX-2 inhibitors raise blood pressure more
than nonselective NSAIDs and placebo? An updated meta-analysis. J Hypertens. 2009; 27(12):2332—
41. https://doi.org/10.1097/HJH.0b013e3283310dc9 PMID: 19887957.

Johnson AG, Nguyen TV, Day RO. Do nonsteroidal anti-inflammatory drugs affect blood pressure? A
meta-analysis. Ann Intern Med. 1994; 121(4):289-300. PMID: 80374 11.

Pope JE, Anderson JJ, Felson DT. A meta-analysis of the effects of nonsteroidal anti-inflammatory
drugs on blood pressure. Arch Intern Med. 1993; 153(4):477-84. PMID: 8435027.

Ljungman C, Kahan T, Schioler L, Wettermark B, Bostrom KB, Hasselstrom J, et al. Non-steroidal anti-
inflammatory drugs and blood pressure control in patients treated for hypertension: results from the
Swedish primary care cardiovascular database. Blood pressure. 2017; 26(4):220-8. Epub 2017/03/10.
https://doi.org/10.1080/08037051.2017.1290503 PMID: 28276722.

VanderWeele TJ. Bias Analysis for Interactions. In: Explanation in Causal Inference. Methods for Medi-
ation and Interaction. Oxford: Oxford University Press; 2015. p. 320-36.

VanderWeele TJ, Mukherjee B, Chen J. Sensitivity analysis for interactions under unmeasured con-
founding. Stat Med. 2012; 31(22):2552—-64. https://doi.org/10.1002/sim.4354 PMID: 21976358.

VanderWeele TJ. An Introduction to Interaction Analysis. In: Explanation in Causal Inference. Methods
for Mediation and Interaction. Oxford: Oxford University Press; 2015. p. 249-85.

Greenland S. Basic problems in interaction assessment. Environmental health perspectives. 1993; 101
(Suppl 4):59-66. PMID: 8206043; PubMed Central PMCID: PMCPMC1519686.

Schmidt AF, Groenwold RH, Knol MJ, Hoes AW, Nielen M, Roes KC, et al. Exploring interaction effects
in small samples increases rates of false-positive and false-negative findings: results from a systematic
review and simulation study. J Clin Epidemiol. 2014; 67(7):821-9. https://doi.org/10.1016/}.jclinepi.
2014.02.008 PMID: 24768005.

Chu H, Nie L, Cole SR. Estimating the relative excess risk due to interaction: a Bayesian approach. Epi-
demiology. 2011; 22(2):242—8. Epub 2011/01/14. https://doi.org/10.1097/EDE.Ob013e318208750e
PMID: 21228700.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201884  August 10, 2018 15/15


https://doi.org/10.1002/art.22614
http://www.ncbi.nlm.nih.gov/pubmed/17394181
https://doi.org/10.1097/EDE.0000000000000121
http://www.ncbi.nlm.nih.gov/pubmed/25000145
https://doi.org/10.1097/HJH.0b013e3283310dc9
http://www.ncbi.nlm.nih.gov/pubmed/19887957
http://www.ncbi.nlm.nih.gov/pubmed/8037411
http://www.ncbi.nlm.nih.gov/pubmed/8435027
https://doi.org/10.1080/08037051.2017.1290503
http://www.ncbi.nlm.nih.gov/pubmed/28276722
https://doi.org/10.1002/sim.4354
http://www.ncbi.nlm.nih.gov/pubmed/21976358
http://www.ncbi.nlm.nih.gov/pubmed/8206043
https://doi.org/10.1016/j.jclinepi.2014.02.008
https://doi.org/10.1016/j.jclinepi.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24768005
https://doi.org/10.1097/EDE.0b013e318208750e
http://www.ncbi.nlm.nih.gov/pubmed/21228700
https://doi.org/10.1371/journal.pone.0201884

