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ABSTRACT

Pharmacoepidemiologists often rely on administrative insurance claims data when conducting
observational studies of prescription drug safety and effectiveness. These data are advantageous for
efficiently assembling large populations of patients treated in routine care, and when linked to pharmacy
data provide accurate information on filled prescriptions. However, because they are collected for billing
purposes, information useful to the conduct of observational studies may be omitted or recorded
inaccurately. The objective of this thesis was to quantify the bias associated with confounder
misclassification arising from both study design as well as inherent limitations of claims data, propose

strategies to ameliorate bias due to misclassification, and to apply those strategies in a drug safety study.

In Chapter 1, we compared fixed-duration versus all-available approaches to confounder
measurement in settings where there was differential confounder misclassification due to differential data
availability between exposure groups using simulations. We demonstrated that, contrary to prior
simulation studies, using all available pre-cohort entry data to measure confounders is not always
preferable to a fixed-duration approach, especially when there is a large discrepancy in the amount of

available data.

In Chapter 2, we considered that investigators working with claims often have multiple valid
definitions for the same confounder which vary in their measurement characteristics (i.e. sensitivity and
specificity); however, it is generally unclear which definition would remove more bias. We proposed two
novel measurement methods combining a more sensitive and more specific confounder definition and
evaluated each using simulations. We recommend one of our proposed approaches which reliably

returned an effect estimate at least as unbiased as the better of the two component definitions.

il



In Chapter 3, we compared new users of non-vitamin K antagonist oral anticoagulant drugs and
new users of warfarin with respect to angioedema risk using a cohort study. We also compared warfarin
to non-use using a case-crossover design. In the cohort study, we utilized an all-available approach to
confounder measurement after finding the amount of available data was similar in each exposure group.

Our findings were inconsistent with large increases in the relative rate of angioedema associated with oral

anticoagulants.
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ABSTRACT

Background: Implementing a cohort study in longitudinal healthcare databases requires looking back
over some covariate assessment period (CAP) preceding cohort entry to measure confounders. We used
simulations to compare fixed-duration versus all-available CAPs for confounder adjustment in the

presence of differences in available baseline time between exposure groups.

Methods: We simulated cohorts of 10,000 patients with binary variables for a single confounder,
exposure, and outcome. Baseline time was simulated based on the observed distribution in a claims-
based comparison of statin users versus non-users. We compared bias after measuring confounders using
fixed-duration and all-available CAPs both when exposure groups had similar and discrepant amounts of

available baseline time.

Results: When the comparison groups had similar amounts of baseline time, an all-available CAP was
less biased than a fixed-duration CAP. When baseline time differed between comparison groups, the
preferable CAP approach depended on the direction of confounding and which exposure group had higher

covariate sensitivity. These findings were consistent in direction across sensitivity analyses.

Discussion: In certain settings of differential available baseline time between exposure groups, the all-
available CAP was more biased than the fixed-duration CAP. The relative directions and strengths of
confounding and misclassification biases are an important consideration when choosing between a fixed-
duration or all-available CAP, but they are often unknown. Therefore, we recommend comparing the
amount of available baseline time between exposure groups. When there is a large discrepancy, despite
appropriate design choices, we recommend a fixed-duration approach to avoid potential increases in bias

due to differential data availability.



INTRODUCTION

Pharmacoepidemiologic research is often conducted using insurance claims data, which include
date-stamped information on dispensed medications, diagnoses, and procedures. This information allows
investigators to construct a longitudinal record of a patient’s interactions with the professional healthcare
system.' Though limited, claims data facilitate the assembly of large, representative populations of

prescription drug users in routine care.'

Unlike prospective studies which collect primary data on patient baseline characteristics at a
single point in time at cohort entry, not all covariates are assessed within a single encounter in claims
data. Instead, investigators typically establish a baseline period prior to cohort entry to assess clinical
conditions, health service utilization, and prior drug exposure that appear in the data corresponding to
their service dates. Without lifetime information, investigators must decide how far back to look for
confounders and exclude patients without the requisite covariate assessment period or “CAP”. Typically,
the CAP is a fixed time period for all patients in the study. For example, all patients would need to have a
minimum of 12 months of enrollment in the health plan prior to cohort entry which would also be used
for covariate assessment. While a fixed-duration CAP standardizes the confounder measurement window
across exposure groups, potentially relevant confounder information goes unused when a patient’s
available claims history is longer than the specified period. An alternative approach, known as an all-
available CAP, also typically requires some minimum enrollment but instead utilizes all of a patient’s

baseline time in the database to measure confounders.

Two simulation studies comparing fixed-duration versus all-available CAPs have concluded the
all-available may be preferable to the fixed-duration approach because it reduces overall confounder
misclassification by increasing sensitivity of confounder measurement.>* Subsequent empirical
evaluations have found the two approaches performed similarly or that all-available CAPs can outperform

short fixed-duration CAPs.** While prior literature has described settings where the all-available CAP is



superior or equivalent to the fixed-duration in terms of bias adjustment, in theory there are situations
where an all-available CAP should be more biased. Specifically, when one exposure group has longer
enrollment prior to cohort entry, and therefore more available baseline data, an all-available CAP could
lead to differential confounder misclassification because the sensitivity of confounder measurement
would likely be higher in the group with more available data. The simulation by Brunelli et al. compared
the two CAP approaches when one exposure group had more available baseline time, and concluded that

the all-available approach was still less biased.

However, prior simulations have examined only one possible discrepancy in which the exposed
group had more available data; the extent of the bias due to differential confounder misclassification
when using an all-available CAP remains largely unexplored. Therefore, the objective of this study was
to use simulations to compare fixed-duration versus all-available CAP approaches to confounder
measurement in settings of differential confounder misclassification due to differential data availability
between exposure groups. We also conducted descriptive analyses comparing the average length of

available baseline data between exposure groups in four example studies.

METHODS

Simulation Structure

We simulated 2,000 cohorts of patients as if they were identified in a comparative safety or
effectiveness study using a claims database. Each cohort contained 10,000 hypothetical patients, each
with a continuous baseline period preceding cohort entry as well as a binary exposure, outcome, and

confounder variable.

First, we simulated the length of baseline time in the database prior to cohort entry for each
patient as a continuous variable between 6 and 60 months based on the distribution of baseline time in a

cohort of statin initiators and non-users identified in a large US commercial insurance database between



September 30, 2009 and September 30™, 2015 (Appendix Figure 1.1.1). The database is nationally
representative and includes over 60 million commercially insured individuals with medical and pharmacy
claims. To identify statin initiators and non-users in the commercial claims, we replicated the design of a
prior study of the same question which likely had substantial differential confounder ascertainment
between exposure groups as evidenced by the study design, which capped baseline time for one exposure

group, and the reported discrepancy in missing information.®

After simulating a baseline time for each patient, a single confounder was randomly assigned to
25% of all patients. The confounder timing during baseline was simulated as a continuous variable
between 0 and 60 months, for the 25% of patients in whom it occurred, based on a uniform distribution
and independently of the patients’ simulated baseline time. A uniform distribution was chosen to reflect a

covariate whose occurrence is unrelated to the timing of exposure initiation.

We next simulated an exposure probability for each patient by running a logistic regression model
with the binary confounder as the independent variable. The confounder-exposure odds ratio (OR) was
set at 3 (Figure 1.1), and the probability of exposure among those without the confounder was set at 30%.
Binary exposure status for each patient was assigned by sampling from a Bernoulli distribution with a

mean equal to that patient’s predicted exposure probability from the logistic model.

Next, we generated outcome probabilities for each patient by running a logistic model with the
binary exposure and confounder as independent variables. To mimic a confounder whose relationship to
the outcome decreases the further back it occurred, we set the OR for the confounder-outcome
relationship to 3 if the confounder occurred within 12 months of the exposure start date, 2 if it occurred
between 12 and 24 months prior to the exposure start date, and 1.5 if it occurred between 24 and 60
months prior to exposure start (Figure 1.1). A similar time-varying approach to baseline confounding
was taken by Gilbertson et al.> As mentioned above, we chose to keep the confounder-exposure

relationship constant at an OR of 3 regardless of when it occurred. The clinical analogue to such a



confounder could be a history of gastrointestinal bleeding in a comparative effectiveness study of Cox-2
inhibitors versus non-selective non-steroidal anti-inflammatory drugs (ns-NSAIDs) on risk of
gastrointestinal bleeding. Recent bleeds might be stronger predictors of future bleeds, while clinicians
might always prefer to prescribe a Cox-2 inhibitor over an ns-NSAID to patients with a history of

bleeding, regardless of when it last occurred.

The true exposure-outcome OR was set to 1, and the incidence of the outcome among referent
patients without the confounder was set to 15%. Binary outcome status for each patient was assigned by

sampling from a Bernoulli distribution with a mean equal to that patient’s predicted outcome probability.

Confounders simulated to occur prior to the start of a patient’s simulated baseline time were
considered unmeasured and marked as absent, in accordance with common practice in claims data.” That
is, if a code for a given condition does not appear, it is often not possible to determine whether the patient
has the condition but the code is missing, or does not have the condition. Confounder misclassification
was initially non-differential by exposure group because baseline time in the dataset was generated
independently of exposure and the exposure-confounder relationship remained constant over time. To
induce differential misclassification, we scaled the simulated baseline time for all patients in each
exposure group such that we obtained a discrepancy in median baseline time commensurate with that
observed in the empirical replication described above. In our replication, the median baseline time for
statin initiators was approximately 36 months, while for non-initiators it was 12 months. After scaling

baseline times, we appropriately re-defined all confounder measurements.

Simulation Analyses

We compared a fixed-duration versus all-available CAP within each simulated cohort. In
addition to a crude analysis, we adjusted for true confounder status to demonstrate that a perfectly
measured confounder (even if it occurred prior to the start of the baseline time) could recover the true null

effect. For the fixed-duration CAP, we chose a duration of six months. In the fixed-duration CAP



analysis, patients were required to be continuously enrolled for the entirety of the CAP, and covariates
were only measured if they occurred during the CAP. We also used an all-available CAP requiring six
months minimum enrollment. In this analysis, patients must have been continuously enrolled for the
duration of the minimum enrollment period, but covariates were measured over a patient’s entire
available pre-exposure time. Finally, we used an all-available CAP which additionally adjusted for

baseline time as a continuous covariate.

The above-mentioned analyses were performed when the exposure groups had an equal median
baseline time (non-differential confounder misclassification) and when the median baseline times were
discrepant (differential confounder misclassification). The discrepant baseline time analyses were done
twice: first with the exposed having more available baseline time, as was done in the Brunelli ef a/.
simulation,” and then with the referent having more available baseline time, which was not simulated by

Brunelli et al.?

To assess average bias from each analysis, the mean of the 2,000 exposure coefficients was
exponentiated and compared to the true odds ratio of 1. We also calculated mean squared error, average
cohort size, median available pre-exposure time, and confounder sensitivity for each scenario. By design,

confounder specificity was always perfect.

To assess the sensitivity of our results to changes in simulation structure, we varied the
distribution of confounder timing from a uniform distribution to one where the confounder was more
likely to occur near the start of exposure using a beta distribution with parameters Beta(1,4). We also
varied the confounder structure by altering its relationship to exposure and outcome. First, we kept both
the confounder-exposure and confounder-outcome relationships constant at an OR of 3 over the entire
baseline period, as might be expected for a chronic disease (Appendix Figure 1.1.2). We also simulated
the confounder-exposure and confounder-outcome relationships to decrease in strength the further back

the confounder occurred in the same way the confounder-outcome relationship decreased in the primary



analysis (Appendix Figure 1.1.3). This structure might represent an acute confounder like myocardial
infarction which becomes more predictive of treatment choice and future outcome risk the closer in time
it occurs to exposure initiation. To evaluate the consequences of a weaker confounder, we fixed the
confounder-exposure and confounder-outcome relationships at an OR of 1.5 over the entire baseline
period. We also increased the length of the minimum enrollment requirement for both fixed-duration and
all-available CAPs to 12 and 18 months. Finally, we evaluated a non-null exposure effect by setting the

true exposure-outcome relationship at an OR of 3.
Descriptive covariate assessment period analyses

We compared available baseline time between exposure groups in four empirical examples:
statins versus non-use of statins, dabigatran versus warfarin, thiazolidinediones versus metformin, and
celecoxib versus ns-NSAIDs. The first 3 examples represented situations where we hypothesized that
there may be differences in available baseline data: a non-user comparison group, a newly marketed
medication, and a first versus second line comparison. We expected potential differences in baseline data
in these situations due to differences between exposure groups in their healthcare utilization, treatment

history, and disease stage, respectively. We did not expect differences in the celecoxib example.

For each example, we used the commercial claims data and calculated the median days of
available pre-exposure baseline time for each exposure group in the commercial claims data. The statins
example, which informed the simulation study described above, used data from September 30™, 2009
through September 30", 2015 and required 1 year of continuous enrollment prior to cohort entry. The
dabigatran example used data from October 1%, 2010 through December 31%, 2012 and required 6 months
continuous enrollment with no use of either study drug prior to cohort entry. The thiazolidinediones and
celecoxib examples both used data from January 1%, 2010 through December 31%, 2012 and required 6

months of continuous enrollment with no recorded use of either study drug prior to cohort entry.



RESULTS

Simulation study

Results from the primary analyses are displayed in Table 1.1. The crude OR was 1.15 (95%
confidence interval [CI]: 1.03, 1.28). Adjustment for the perfectly measured confounder recovered the

true OR (1.00, 95%CI: 0.89, 1.12).

Non-differential misclassification

When confounder misclassification was non-differential and available baseline time equal
between exposure groups (median of 18.6 months), the all-available CAP provided a less biased effect
estimate (OR=1.07, 95%CI: 0.96, 1.20) than the fixed-duration CAP (OR=1.12, 95%CI: 1.01, 1.25). As
expected, confounder misclassification was equal in both exposure groups regardless of approach, and
sensitivity of confounder measurement was lower for the fixed-duration compared to the all-available

CAP (0.10 versus 0.39).

Differential misclassification

When the exposed group had more available baseline time (median 36 months) than the referent
group (median 12 months), the all-available CAP produced a less biased OR (OR=0.98, 95%CI: 0.86,
1.11) than the fixed-duration CAP (1.12, 95%CI: 1.00, 1.27). Adjusting for baseline time in the all-
available CAP resulted in an OR of 1.06 (95%CI: 0.91, 1.24). When using an all-available CAP,
confounder sensitivity was higher in the exposed compared to the referent (0.63 versus 0.22); confounder

sensitivity was 0.10 in each group with a fixed-duration CAP.

When the exposed group had less available baseline time (median 12 months) than the referent
group (median 36 months), the performance of the fixed-duration CAP was unchanged. However, the all-
available CAP produced an OR of 1.18 (95%CI: 1.03, 1.34) which was more biased than both the fixed-

duration and the crude estimate. Adjusting for baseline time in the all-available CAP reduced bias (OR:



1.12, 95%CI: 0.97, 1.30). Confounder sensitivity was identical at 0.10 in both exposure groups in the
fixed-duration analysis, but with the all-available CAP sensitivity was lower in the exposed compared to

the referent group (0.22 versus 0.63).

Sensitivity Analyses

Sensitivity analysis results were qualitatively similar to the primary analyses (Appendix Tables
1.1.1-1.1.7). In each scenario, the all-available CAP was less biased when misclassification was non-
differential or when the exposed group had higher confounder sensitivity, and more biased when the

referent group had higher confounder sensitivity.

Descriptive covariate assessment period analyses

The median pre-exposure enrollment time for each exposure group in each empirical example is
shown in Table 1.2. Other than in the statins example, the motivating example for the simulation, there
were no large discrepancies in available pre-exposure enrollment time between exposure groups. The
three other comparisons had median pre-exposure enrollments that differed between exposure groups by
12-16%, differences which were too small to substantively affect the relative performance of fixed-
duration versus all-available CAPs in the simulation, regardless of which group had more available time

(Appendix Table 1.1.8).

DISCUSSION

Unlike prior simulation studies, our findings demonstrate that an approach that considers all
available data prior to exposure start for confounder measurement is not always preferable to a fixed-
duration CAP. Given the parameters of our simulation, specifically upward confounding with a positive
exposure-confounder relationship, the all-available CAP was less biased when confounder

misclassification was non-differential or when the exposed group had higher confounder sensitivity; a

10



fixed-duration CAP was less biased when confounder sensitivity was greater in the referent group, where

the all-available approach actually increased bias.

Our results suggest that when choosing a CAP length in the presence of differential data
availability between exposure groups, one should consider the relative directions of bias from
confounding and differential confounder misclassification to the extent it is known. If the two biases
move the point estimate in the same direction, overall bias is increased. If they move the point estimate in
opposite directions, the biases may partly cancel and reduce overall bias. In our study, when the referent
group had more available baseline time than the exposed and therefore higher confounder sensitivity, the
exposure-confounder relationship in the misclassified dataset was weaker than both the true and non-
differentially misclassified exposure-confounder relationships. We also found that misclassification can
be differential enough to flip the exposure-confounder relationship from positive to negative, which
resulted in an upward bias after adjustment and moved the point estimate in the same direction as the
underlying confounding, resulting in more biased estimates. Conversely, when the exposed group had
more available baseline time, and therefore higher confounder sensitivity, the measured exposure-
confounder relationship appeared much stronger than it truly was. Adjusting for this overly strong
confounder resulted in a downward bias which cancelled out some of the underlying confounding and
resulted in less net bias. When misclassification is differential enough in this direction, the adjustment can
actually “over-adjust” for confounding and move the estimate past the truth. However, the consequences
of differential misclassification as described above will vary based on the direction of both confounding
and the exposure-confounder relationship. A theoretical and empirical demonstration is available in

Appendix 2.

The superior performance of the all-available approach in certain settings of differential
confounder misclassification in both our simulation and Brunelli et al.* was likely due to fortuitous bias
cancelling between confounding and measurement error. In practice, whether the two biases compound

or cancel and by how much depends on their relative magnitudes and directions, which are generally

11



unknown. By helping to ensure non-differential confounder misclassification, the fixed-duration CAP is
not subject to this phenomenon and performed better in some settings where exposure groups had
discrepant baseline time. The all-available CAP may be improved by adjusting for baseline time, though

in our simulations the benefit was inconsistent.

Our findings are subject to limitations. We assumed a single binary confounder with perfect
specificity, as well as perfect measurement of both exposure and outcome. Our results do not apply to
confounders measured as counts (e.g. number of hospitalizations). We also assumed that the amount of
pre-exposure enrollment time was independent of outcome risk. The differences we observed between the
fixed-duration and all-available CAPs in terms of confounding adjustment are likely smaller than what
would be observed in a healthcare database with lifetime coverage due to limited duration of enrollment
in commercial claims databases in the United States.® Another limitation on generalizability is that
differences in available baseline time between exposure groups of the magnitude examined here are
unlikely to occur in a well-designed new user study with an active comparator group.” We did not find
large discrepancies in available pre-exposure enrollment time when using an active comparator group
even in selected situations where we expected differences to be likely. This may explain why a prior
comparison of these two CAP approaches did not find important differences in five active comparator
cohorts.* Finally, the interplay between confounding and confounder misclassification due to the choice
of lookback period is of greatest concern when overall confounding is strong, and less consequential

when overall confounding is weak.

Based on our results and prior literature, we recommend investigators considering an all-available
CAP first measure the median available baseline time in each exposure group. If there is a large
discrepancy, we recommend a fixed-duration CAP to avoid potentially increasing bias due to differential
data availability. When differences are smaller, an all-available approach may be superior, but

investigators can perform the analysis both ways to examine the sensitivity of results to this decision. In

12



that case, we hope our simulation results can provide a potential explanation for any observed differences

based on the overall direction of confounding and which exposure group has more available data.
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Histogram of Pre-exposure Baseline Time
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Appendix Figure 1.1.1. Distribution of pre-exposure enrollment time*

“Median pre-exposure enrollment 18.6 months (IQR: 10.6, 33.3 months). 10™ percentile 7.7 months; 90™
percentile 47.3 months
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ABSTRACT

Background: When investigators have two claims-based definitions for the same binary confounder, it is

unclear whether to prefer the more sensitive or more specific definition.

Objective: To compare adjusting for the sensitive or specific definition alone versus two novel
approaches combining both definitions: a “two-algorithm indicator” and a “two-algorithm restriction”

approach.

Methods: Each simulated patient had a binary exposure, outcome, and confounder. We created two
misclassified versions of the confounder using validated heart failure definitions. The sensitive definition
had a sensitivity/specificity of 0.98/0.83, while the specific definition had a sensitivity/specificity of
0.77/0.99. Patients were classified into 3 groups: Group 0 did not meet either definition, Group 1 met the
sensitive but not specific definition, and Group 2 met both definitions. The two-algorithm indicator
approach adjusted using indicators for Groups 1 and 2, while the two-algorithm restriction approach
excluded patients in Group 1 and adjusted using an indicator for Group 2. Adjusted exposure odds ratios

(ORs) were estimated for each approach using logistic regression.

Results: The crude OR was 1.33 (95%CI: 1.07, 1.63). Adjusting for the specific or sensitive definitions
resulted in ORs of 1.09 (95%CI: 0.87, 1.35) and 1.14 (95%CI: 0.91, 1.40). The two-algorithm indicator
method returned an OR of 1.07 (95%CI: 0.86, 1.33). The two-algorithm restriction approach returned an

OR of 1.02 (95%CI: 0.79, 1.29) but excluded 20% of the cohort.

Conclusion: We recommend the two-algorithm indicator approach, especially for important confounders,

because it always performed as well as the better component definition without any loss in sample size.
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INTRODUCTION

Pharmacoepidemiologists often rely on administrative insurance claims data when conducting
observational studies of prescription drug safety and effectiveness. These data are advantageous for
efficiently assembling large populations of patients treated in routine care, and when linked to pharmacy
data provide accurate information on filled prescriptions." However, because they are collected for billing
purposes, information that would be useful to the conduct of observational studies may be omitted or

recorded inaccurately in claims, especially if it is not strongly tied to reimbursement.

Measurement error is an important source of potential bias in epidemiological studies. Prior
research on the impact of confounder misclassification has demonstrated that small errors in sensitivity
and specificity can severely impair bias adjustment,”* and validation studies have shown that such
misclassification exists in administrative data, particularly when defining comorbid disease states.” For
example, one validated definition of ischemic heart disease measured in an inpatient setting had a
sensitivity of 0.621 and a specificity of 0.994.° Comorbid diseases are often defined as binary variables in
claims data, the presence of which is signified by one or more of a designated set of billing codes in a
patient’s medical record. In the absence of the designated codes, the disease is assumed to be absent.’
Confounder misclassification can occur when a diagnosis goes unrecorded, or when a recorded diagnosis

is associated with workup or diagnostic testing that comes back negative (i.e. a “rule-out” diagnosis).

The ability to choose which billing codes go into the confounder definition gives investigators
flexibility. Further specifying the number of required codes and the care settings in which the codes must
appear can affect how inclusive a confounder diagnosis is (e.g. 1 diagnosis code in any care setting vs. 2
inpatient diagnoses). Inclusive definitions generally increase sensitivity at the cost of specificity, while
exclusive definitions prioritize specificity at the cost of sensitivity. Typically, investigators will not know
the exact sensitivity and specificity of their chosen definition, because even if a validation study exists it

may be for a different population, data source, or time period. However, they will often be able to intuit
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which of two definitions is more inclusive, or sensitive, and which is more exclusive, or specific. For
example, the aforementioned validation study for ischemic heart disease found that sensitivity increased

to 0.851 and specificity decreased to 0.926 when outpatient as well as inpatient codes were allowed.®

In pharmacoepidemiologic studies, investigators often make many decisions about how to define
potential confounders, yet no guidance currently exists as to whether more sensitive or more specific
definitions would remove more bias. While the ideal confounder definition would be highly sensitive and
highly specific, achieving both with one definition is difficult in claims data. Combining sensitive and
specific definitions could potentially lessen this tradeoff and offer the advantages of both. Therefore, the
objective of this study was to compare adjustment for either a sensitive or specific confounder definition

alone versus two proposed hybrid measurement methods that combine both definitions.

METHODS

Proposed approaches to defining confounders and assumptions

We propose two novel approaches for defining binary confounders in claims data that utilize both
a sensitive and a specific definition. The two definitions were combined using a categorical variable,
termed “Group”, which took the value 0 for those patients who met neither the sensitive nor the specific
definition, 1 for patients who met the sensitive but not specific definition, and 2 for patients who met both
the sensitive and specific definitions. The first proposed approach, termed the “two-algorithm restriction
approach”, excluded patients in Group 1, and adjusted for confounding using an indicator for Group 2
versus Group 0 in the outcome model. The second proposed approach, termed the “two-algorithm
indicator” approach, did not exclude any patients and adjusted for Group as a categorical variable in the

outcome model. For a visual description of the proposed approaches, see the Appendix.
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Both methods assumed the sensitive and specific definitions were nested, in that anyone who met
the specific definition must also have met the sensitive definition. In keeping with the ischemic heart
disease example from the introduction, patients who met the specific definition of 1 inpatient diagnosis
also met the sensitive definition of 1 inpatient or outpatient diagnosis. Patients in Group 0 would be those
who did not have any codes for ischemic heart disease in any setting. Group 1 would comprise those who
had 1 or more outpatient diagnoses and no inpatient diagnoses of ischemic heart disease. Patients in
Group 2 would be those who had 1 or more ischemic heart disease codes in the inpatient setting whether
or not they also had codes in the outpatient setting. In our simulations, we assumed that the confounder
of interest was truly binary and that there was no modification of the treatment effect by level of the

confounder.

Simulation structure

We simulated 2,000 cohorts of patients as if they had been identified as eligible participants in a
claims-based comparative drug safety or effectiveness study. Each cohort contained 10,000 hypothetical
patients, each of whom had values for a binary exposure, binary outcome, and binary confounder
variable. In a sensitivity analysis, we increased the number of binary confounders to 10, as described

below.

Within each cohort, we randomly assigned the confounder to 25% of patients. Then we assigned
each patient an exposure probability based on a logistic regression model in which the binary confounder
was the lone predictor. The confounder-exposure odds ratio (OR) was set to 3, and the probability of
exposure among patients without the confounder was set to 10%. Next, we generated outcome
probabilities for each patient using a logistic regression model with both the binary exposure and binary
confounder as predictors. The confounder-outcome OR was set to 3, and the probability of the outcome
among patients without the confounder was set to 5%. In order to avoid issues with non-collapsibility, we

1.3

set the true exposure-outcome OR to Binary exposure and outcome status for each patient was
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assigned by sampling from a Bernoulli distribution with a mean equal to that patient’s predicted exposure

or outcome probability, respectively.

We then created two non-differentially misclassified versions of the confounder based on
validated claims-based definitions of congestive heart failure. The “sensitive” definition had a sensitivity
0f 0.98 and a specificity of 0.83, while the “specific” definition had a sensitivity of 0.77 and a specificity
0f 0.99.'° The data were generated such that any patient who met the specific definition also met the
sensitive definition, and each patient was assigned the appropriate value for the categorical variable

Group, as described above.
Simulation analyses

Single confounder

Within each cohort, we estimated exposure ORs and 95% confidence intervals (Cls) using
logistic regression. In addition to an unadjusted analysis, we adjusted for true confounder status to
demonstrate that perfect measurement could recover the null exposure effect. We then adjusted for the
sensitive and specific confounder definitions individually. These results were compared to the two-
algorithm restriction and two-algorithm indicator approaches. We compared the four adjustment methods
on their average percent adjustment,’ mean squared error, and mean cohort size across the 2,000
simulated cohorts. We also estimated exposure ORs after stratifying the population into each level of

Group.

We conducted multiple sensitivity analyses. We lowered the true confounder prevalence to 5%
and also raised it to 75%. We also varied measurement of the confounder according to validated sensitive
and specific definitions for other diseases such as ischemic heart disease (Sensitive definition:
Sensitivity=0.851, Specificity=0.926; Specific Definition: Sensitivity=0.621, Specificity=0.994),° atrial
fibrillation (Sensitive definition: Sensitivity=0.86, Specificity=0.97; Specific Definition: Sensitivity=0.74,
Specificity=0.99),'" and osteoarthritis (Sensitive definition: Sensitivity=0.57, Specificity=0.87; Specific

37



Definition: Sensitivity=0.21, Specificity=1.00)."> To demonstrate how covariate prevalence and covariate
measurement interact, we repeated the analysis using the osteoarthritis definitions after raising the

covariate prevalence to 75%.

Multiple confounders

We also conducted an expanded sensitivity analysis in which we adjusted for 10 binary
confounders, each of which had two validated claims-based definitions.*!*'® A list of the confounders,
along with their corresponding definitions, prevalences, and relationships with both exposure and
outcome, are displayed in Table 2.1. These variables were chosen to reflect potential confounders in a
hypothetical study comparing coxibs versus non-selective non-steroidal anti-inflammatory drugs (ns-
NSAIDs) on the risk of myocardial infarction. As in the primary analysis, we compared the two-
algorithm approaches to using either the sensitive or specific definitions individually in logistic models
for the outcome. The analyses were performed when the 10 confounders were uncorrelated, as well as
when they were moderately and strongly correlated (correlation matrices specified in Appendix Tables
2.1 and 2.2). To induce correlations, we simulated the confounders as continuous, normally distributed
variables with a mean of 0 and a standard deviation of 1 according to the specified covariance matrix."
The continuous correlated confounders were then dichotomized according to the cut point on the standard

normal distribution which corresponded to the desired prevalence.

RESULTS

Single confounder: primary analysis

The performance of each adjustment approach in the primary analysis is displayed in Table 2.2.
The unadjusted OR was 1.33 (95%CI: 1.07, 1.63), and perfect confounder measurement recovered the
true OR of 1.00 (95%CI: 0.79, 1.23). Adjusting for either the specific or sensitive definitions individually

resulted in ORs of 1.09 (95%CI: 0.87, 1.35) and 1.14 (95%CI: 0.91, 1.40), respectively. The two-
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algorithm restriction approach returned the least biased OR of 1.02 (95%CI: 0.79, 1.29) and excluded
approximately 17% of the cohort on average. Most of the confounding was in the excluded Group 1 (OR:
1.31 [95%CI: 0.77, 2.01]), while estimates in Group 0 (OR: 1.01 [95%CI: 0.67, 1.43]) and Group 2 (OR:
1.02 [95%CI: 0.74, 1.39]) were nearly unbiased. The two-algorithm indicator method resulted in an OR
of 1.07 (95%CI: 0.86, 1.33). Despite the loss of sample size, the two-algorithm restriction approach
performed best in terms of mean squared error (MSE) at 0.016, while the two-algorithm indicator

approach had an MSE of 0.017.

Single confounder: sensitivity analysis

The relative performance of each method was largely unchanged when the true confounder
prevalence was reduced from 25% to 5%, though in that setting the two-algorithm indicator approach had
the lowest MSE at 0.022 (Table 2.3). When the true confounder prevalence was increased to 75%, the
two-algorithm restriction approach was again the least biased (OR: 1.02 [95%CI: 0.85, 1.20]) but now
excluded approximately 20% of the cohort (Table 2.3). Unlike in the primary analysis, when the true
confounder prevalence was 75% Group 0 was the most biased of the 3 strata, with an OR of 1.13 (95%CI:
0.60, 1.94), compared to an OR of 1.11 (95%CI: 0.79, 1.55) for Group 1 and an OR of 1.00 (95%CI: 0.83,
1.19) for Group 2. The two-algorithm indicator approach matched the performance of the sensitive
approach (OR: 1.04 [95%CI: 0.89, 1.20]), both of which were superior to the specific approach (OR: 1.08

[95%CI: 0.93, 1.26]).

Varying the confounder sensitivities and specificities slightly impacted the performance of each
adjustment approach, but in all scenarios the two-algorithm restriction approach was the least biased,
while the two-algorithm indicator approach performed at least as well as the better of the two component
definitions (Appendix Table 2.3). When the prevalence of the covariate was increased to 75% while
using the validated definitions for osteoarthritis (Table 2.4), the two-algorithm restriction method resulted

in an OR of 1.15 (95%CI: 0.97, 1.29) which was more biased than the crude (OR: 1.14 [95%CI: 0.99,
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1.31]) and excluded 30% of the cohort. Under these parameters, most of the confounding was in Group 0,
with an OR of 1.23 (95%CI: 0.99, 1.50). In contrast, the OR in Group 1 was 1.06 (95%CI: 0.82, 1.33)
and the OR in Group 2 was 0.99 (95%CI: 0.71, 1.36). The two-algorithm indicator method was the least

biased approach (OR: 1.12 [95%CI: 0.97, 1.29]) and had the lowest MSE (0.018).

Multiple confounders

In the expanded simulation, when the 10 confounders were uncorrelated the crude OR was 1.21
(95%CI: 1.01, 1.44) (Table 2.5). Two-algorithm restriction was the least biased approach (OR: 1.04
[95%CI: 0.75, 1.42]), but applying it across 10 variables excluded approximately 65% of the cohort on
average. Applying the two-algorithm indicator across all 10 variables resulted in an OR of 1.07 (95%CI:
0.93, 1.14), which was less biased than applying either the sensitive or specific definitions alone (OR of
1.09 for both approaches), while retaining the full cohort. In terms of MSE, the indicator approach
performed best (MSE = 0.013), while the restriction approach performed worst (MSE = 0.029).
Increasing levels of correlation improved bias adjustment for all methods in absolute terms, but the

relative ranking of each approach in terms of adjustment was unchanged.

DISCUSSION

When investigators are able to construct a more sensitive and a more specific definition for the
same confounder, adjustment using a method that utilizes both can reduce residual confounding over the
current practice of using either definition alone. In our analyses, the two-algorithm restriction approach
was often the least biased, but it was infeasible with multiple confounders, increased bias in some
settings, and changed the target population. In contrast, the two-algorithm indicator approach removed at
least as much confounding as the better of the two component definitions across all simulations and

retained the full cohort.
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The two-algorithm restriction method is theoretically unbiased when the sensitive definition is
perfectly sensitive and the specific definition is perfectly specific (demonstration in Appendix Table
2.21), and in the primary analysis the parameters were such that most of the confounding occurred among
patients in Group 1. However, when sensitivities and specificities are not perfect, the most biased stratum
of Group could also be Group 0 or Group 2 depending on the true covariate prevalence and the relative
sensitivity and specificity of the two definitions. Knowing these parameters would therefore be important
in deciding whether to apply the two-algorithm restriction approach; however, if these parameters were
known one could instead correct for the misclassification using a quantitative bias analysis.?
Additionally, the two-algorithm restriction approach changes the study population in ways that may not
be intuitive or desired, especially if applied to multiple variables. In contrast, the two-algorithm indicator
approach does not require that investigators know either the true prevalence or the measurement

characteristics of each definition.

The additional time investment required to implement either two-algorithm approach is an
important consideration, especially in claims-based studies which often include dozens of comorbid
confounders to which the methods could be applied. Defining a confounder in claims data typically
involves either creating a new definition after reviewing the relevant diagnosis codes, or using an existing
definition from previous work or a validation study. Creating new definitions in this way can be time
consuming; however, once one definition is created — which is necessarily regardless of whether a two-
algorithm approach is used — a second, nested definition with different measurement characteristics can
be generated relatively quickly. For example, an investigator could create a more specific definition by
excluding codes of borderline relevance, considering inpatient diagnoses only instead of allowing codes
from any care setting, or by requiring two codes rather than just one. These strategies could be used

regardless of whether the first definition is created de novo or borrowed from prior work.

Our results should be interpreted in the context of several limitations. The generalizability of our

simulations is limited in that we assumed confounder misclassification was independent and non-
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differential, and we compared adjustment between methods only on the odds ratio scale, a relative effect
measure. We assumed our confounder was truly binary, which may be an oversimplification for many
health conditions, such as diabetes, where the distinction between healthy and diseased lies on a
continuum. For those conditions, adjusting for Group as an ordinal variable may actually improve
adjustment if increasing Group category corresponds to increasing disease severity. This potential
advantage of the two-algorithm indicator approach should be investigated in future work. We also
assumed that the component definitions were nested; however, this may not be required for the indicator
approach (Appendix Table 2.22). Additionally, while our proposed methods can aid investigators in
maximizing adjustment given the data at hand, any adjustment approach will perform poorly in absolute
terms when measurement is poor. Conversely, various approaches may perform similarly when the
sensitive and specific definitions are highly correlated with each other, or when the comorbidities are
weak confounders. Because the two-algorithm restriction approach excludes a large number of patients,
especially when it is applied to multiple variables, a targeted application to one or two of the most
important confounders may be necessary in practice. A limitation specific to the two-algorithm indicator
approach is that it requires an additional regression term for each covariate, which could lead to
overfitting in settings with few outcomes — if included in outcome regression models as in our simulation
— or few exposures, if incorporated into propensity score methods. The additional regression term
required for each confounder in the indicator approach suggests it might also be best targeted to the most
important confounders, as the marginal adjustment may be outweighed by the cost of the additional term

when the confounder is extremely weak.

When investigators working with claims data have flexibility in how they define comorbid
confounders, we recommend the two-algorithm indicator approach because it yields a point estimate that
is at least as unbiased as the better of the two components. In addition, it is relatively easy to implement,

can be applied regardless of the confounder measurement or prevalence, and preserves the full cohort.
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Despite meeting the sensitive definition, some patients in Group 1 do not actually have the confounder. The absolute number of these false

d by the difference in the specificities of the sensitive and specific definitions multiplied by the number of patients who truly

me

determ
do not have the confounder. The false positives in Group 1 are highlighted below with an X pattern. Since these false positives are a large
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In this scenario, Group 0 is again highlighted in red, with the false negatives highlighted in an X pattern. Compared to when the confounder

prevalence was 25%, the false negatives make up a much larger proportion of Group 0

Errors in Group 0 when confounder prevalence is 75%

Appendix Table 2.17
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ABSTRACT

Introduction: Patients taking non-vitamin K antagonist oral anticoagulants (NOACs) such as dabigatran,

rivaroxaban, and apixaban have reported experiencing angioedema in randomized trials and routine care.

Objective: To quantify the association between NOACs and angioedema relative to warfarin among
routinely treated patients with atrial fibrillation in a cohort study. We also compared warfarin users to

non-users in a case-crossover study.

Methods: We utilized a cohort design which drew eligible patients from the Truven Health MarketScan
Commercial database, the Optum®© Clinformatics® Data Mart, and Medicare. Within each database, we
compared the 6-month relative rate of angioedema among new users of NOACs (dabigatran, rivaroxaban,
apixaban) and new users of warfarin. We estimated hazard ratios (HRs) and 95% confidence intervals
(Cls) after adjusting for confounders using propensity score stratification, and meta-analyzed the
database-specific HRs using a random-effects model. We also estimated an odds ratio (OR) for the
association between warfarin and angioedema using a case-crossover design, a self-controlled design

which controls for time-invariant confounders.

Results: In the cohort study, we observed 249 incident angioedema events among 267,681 NOAC
initiators and 281,143 warfarin initiators across all databases. The meta-analyzed HR for angioedema
comparing any NOAC versus warfarin was 0.98 (95%CI: 0.76, 1.27). In the case-crossover design, the
OR for the association between warfarin and angioedema was 0.91 (95%CI: 0.68, 1.21) based on 431

cascs.

Conclusions: Our estimates were inconsistent with substantial short-term relative increases in the rate of

angioedema associated with oral anticoagulant therapy.
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INTRODUCTION

Dabigatran, rivaroxaban, and apixaban are non-vitamin K antagonist oral anticoagulant (NOAC)
drugs indicated for the prevention of thromboembolic events in patients diagnosed with non-valvular
atrial fibrillation, among other conditions. Use of NOACs increased rapidly following Food and Drug
Administration (FDA) approval of dabigatran in 2010, rivaroxaban in 2012, and apixaban in 2014. For
example, in one large commercial insurance plan, NOACs accounted for 62% of all oral anticoagulant
prescriptions among patients with atrial fibrillation by 2013." Compared to warfarin, previously the only
oral anticoagulant drug available in the US, NOACS offer a generally superior risk-benefit profile along

with simpler dosing and fewer interactions with other medications and foods.

Patients taking NOACs in both randomized trials and routine care have reported a variety of
adverse events including angioedema, which is characterized by transient swelling of the subcutaneous
and submucosal tissue due to increased vascular permeability.” Angioedema can be life threatening if
swelling obstructs the airway and has been estimated to account for upwards of 80,000 emergency
department visits annually, of which an estimated 18% require further hospitalization.> Across the three
NOAC pivotal approval trials, 3 out of 22,222 NOAC-treated patients and 0 out of 22,196 warfarin-
treated patients experienced angioedema.*® Angioedema is also listed as an observed post-marketing
adverse event on the package insert for both dabigatran and rivaroxaban, and case reports of angioedema
among patients taking all three NOACs have been reported to the FDA’s Adverse Event Reporting
System (FAERS). In addition, there are two published case reports specifically linking rivaroxaban and

angioedema.”®

Well-documented case reports are an essential part of post-marketing safety signal detection;
however, they are typically inadequate for making causal inferences.’ Therefore, we used a cohort design

to quantify the association between NOACs and angioedema relative to warfarin among routinely treated

76



atrial fibrillation patients initiating anticoagulant therapy. To evaluate whether warfarin itself is associated

with angioedema, we also compared warfarin to non-use using a case-crossover design.

METHODS

Cohort Study
Data Sources

Three study cohorts were drawn from patients enrolled in the Truven Health MarketScan
Commercial Database, the Optum© Clinformatics® Data Mart, and Medicare. The study period was
restricted to October 1%, 2010 through December 31%, 2016 in Truven, October 1%, 2010 through
September 30™, 2017 in Optum©, and January 1%, 2010 through December 31%, 2014 in Medicare. These
nationally representative administrative claims databases provide longitudinal, de-identified information
on inpatient and outpatient diagnoses and procedures, demographic information, and linked pharmacy

dispensings.
Cohort

The cohort entry date was the date of the first eligible pharmacy dispensing for a NOAC or
warfarin. Eligible new users of NOACs (dabigatran, rivaroxaban, or apixaban) or warfarin in each
database must have met the following criteria, which were assessed over the entirety of their pre-cohort
entry time in the database as well as on the cohort entry date itself: 1) at least 180 days of continuous
enrollment immediately preceding cohort entry, 2) no previous oral anticoagulant dispensings of any
kind, 3) no dispensings for any angiotensin converting enzyme (ACE) inhibitor, angiotensin II receptor
blocker (ARB), or aliskiren, 4) at least 18 years old at cohort entry, 5) no diagnosis of angioedema, 6) at
least 1 diagnosis of atrial fibrillation, 7) no diagnosis of venous thromboembolism or pulmonary

embolism, and 8) no procedure codes for hip or knee replacement surgery.

Outcome and follow-up
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Angioedema was defined as at least one International Classification of Diseases Ninth Revision
(ICD-9-CM) diagnosis code of 995.1 or an International Classification of Diseases Tenth Revision (ICD-
10-CM) diagnosis code of T78.3XXA during eligible follow-up. Diagnosis codes could occur in any
position in either an inpatient or outpatient setting. The positive predictive value of the ICD-9 code 995.1
alone has been validated at 90% and 95.3%.'° Follow-up began on the day after the cohort entry date and
was classified in an as-treated fashion where patients were censored after 6 months, upon diagnosis of
angioedema, loss of insurance plan eligibility, death, the end of the study period, a dispensing for an ACE
inhibitor, ARB, or aliskiren, discontinuation of the index exposure, or initiation of a drug from the other
exposure group. We allowed a 14-day grace period between the final day supplied and the subsequent
dispensing to define continuous use and considered the 14 days after the final day supplied of the final

dispensing as exposed person-time.
Covariates

We specified 28 covariates which included demographic information (e.g. age, sex, geographic
region), measures of healthcare system utilization (e.g. number of physician visits, number of
hospitalizations), prior drug use (e.g. NSAID or beta blocker dispensing), comorbid conditions (e.g. heart
failure or hypertension), as well as pre-exposure time in the database. Covariates were measured at any
time prior to and including the cohort entry date in either an inpatient or outpatient setting for both
exposure groups.'' To account for potentially differing amounts of pre-cohort entry time in the database
between exposure groups, count measures of healthcare system utilization were tallied only during the

180 days immediately preceding cohort entry.

Statistical analysis

We utilized propensity score (PS) decile stratification to adjust for confounding by measured
covariates. Within each database, PSs were estimated using a logistic regression model predicting the

probability of initiating a NOAC based on the investigator specified covariates, and patients were
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subsequently classified into ten equally sized groups based on their PS. We then fit a Cox proportional
hazards model with terms for the exposure and indicators for each PS decile as independent variables in

order to estimate adjusted hazard ratios (HRs) and 95% confidence intervals (Cls).

We meta-analyzed the three database-specific HRs using a random effects model.’> While the same
patient may have appeared in multiple databases, we did not make any adjustments for population overlap

after determining that there were no duplicate cases.

Sensitivity analyses

We repeated the above analyses after trimming the PS distributions prior to decile stratification
such that all patients with a PS smaller than the 2.5" percentile in the exposed group and larger than the
97.5" percentile in the unexposed group were excluded. PS trimming may improve validity by excluding
patients who were treated contrary to prediction.”> We also repeated the above analyses after beginning
follow-up on the cohort entry date, which would capture rapid onset cases at the risk of including
angioedema events which occurred prior to the start of exposure. In these analyses, we measured
covariates and eligibility criteria up until the day before the cohort entry date. Since it was the subject of
the two published case reports, we also repeated the above analyses comparing rivaroxaban alone versus
warfarin. In the rivaroxaban analyses, we additionally restricted the cohort to exclude patients with prior
use of dabigatran or apixaban. We also repeated the above analyses among patients who filled a
prescription for an ACE inhibitor, ARB, or aliskiren within the 30 days prior to their cohort entry date in
order to investigate whether the use of these drugs modifies the relationship between oral anticoagulants
and angioedema. In these analyses, we did not censor patients who filled a prescription for an ACE
inhibitor, ARB, or aliskiren during follow-up. We repeated the analyses with shorter maximum follow-up
lengths of 60 and 30 days in order to reduce loss to follow-up and to evaluate if the hazard ratio changes
over follow-up. Finally, we stratified patients in each database by combined comorbidity index into low

risk (index value < 1) and high risk (index value > 4) and repeated the primary analysis. The low risk
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group was intended to reduce potential unmeasured confounding, while the high risk group was intended

to reduce surveillance bias by focusing on patients with frequent interactions with the healthcare system.

Case-crossover Study

Study population and outcome

We pooled incident angioedema cases from three administrative claims datasets: Truven
MarketScan (2003-2010), Optum®© Clinformatics® Data Mart (2004-2010), and Medicare (2010). Only
cases occurring prior to the approval of dabigatran, the first available NOAC, on October 19™, 2010 were
included in order to avoid any potential trends in warfarin prescribing due to the introduction of NOAC:s.
Angioedema was defined as an ICD-9-CM diagnosis code of 995.1 in any care setting. Eligible cases
must have met the following criteria assessed over the entirety of their pre-angioedema diagnosis time in
the database: 1) over 18 years old at the time of angioedema diagnosis, 2) previously diagnosed with atrial
fibrillation, 3) not previously diagnosed with angioedema, venous thromboembolism, or pulmonary
embolism, 4) no recorded procedure codes for hip or knee replacement, and 5) no dispensings for an ACE
inhibitor, ARB, or aliskiren. Eligible cases must have had at least 180 days of continuous enrollment and

drug coverage immediately prior to their case date.

Study design and statistical analysis

Exposure was defined by a pharmacy dispensing for warfarin within the risk windows. The risk
windows for the primary analysis were a 30-day hazard window prior to, but not including, the
angioedema date, a 30-day washout window prior to the hazard window, and a 30-day reference window
immediately preceding the washout window (Figure 3.1). We used a logistic regression model
conditioned on each case to estimate an odds ratio (OR) comparing the odds of a dispensing for warfarin
in the hazard window versus the reference window. As a sensitivity analysis, we increased the length of

the hazard and reference windows from 30 to 60 days.
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RESULTS

Cohort Study

Across the 3 databases, we identified 249 incident angioedema diagnoses among 267,681 NOAC
initiators and 281,143 warfarin initiators who had an average follow-up of 89 days. The Truven dataset
contributed 72,705 NOAC initiators and 55,195 warfarin initiators with an average follow-up of 102 days,
the Optum© database contributed 54,424 NOAC initiators and 47,559 warfarin initiators with an average
follow-up of 104 days, and Medicare contributed 140,552 NOAC initiators and 178,389 warfarin
initiators with an average follow-up of 78 days. While the Optum© and Medicare populations were on
average older than the Truven population, each displayed similar distributions of healthcare utilization,
drug dispensings, and comorbid conditions between exposure groups (Table 3.1). For example, warfarin
initiators were older and generally had more healthcare system utilization, as well as a higher prevalence

of heart failure, coronary heart disease, and type 2 diabetes.

The database-specific adjusted effect estimates comparing exposure to any NOAC versus
warfarin are displayed in Figure 3.2. In the Truven database, the crude HR for angioedema was 0.70
(95% CI: 0.43, 1.12), which moved to 0.75 (95%CI: 0.45, 1.24) after PS adjustment. In the Optum
database, the crude HR was 1.12 (95%CI: 0.63, 1.98), which moved to 1.11 (95%CI: 0.61, 2.01) after
adjustment. In Medicare, the crude HR was 0.93 (95%CI: 0.66, 1.32), which moved to 1.07 (95%CI:
0.75, 1.52) after adjustment. The meta-analyzed HR comparing any NOAC versus warfarin was 0.98

(95%Cl: 0.76, 1.27).

Trimming the population based on the PS prior to decile stratification slightly changed the meta-
analyzed HR to 0.96 (95%CI: 0.74, 1.25) (Appendix Figure 3.4). Beginning follow-up on the cohort
entry date resulted in a meta-analyzed HR of 0.92 (95%CI: 0.70, 1.21) (Appendix Figure 3.5). For the
analyses comparing rivaroxaban alone versus warfarin, the PS-adjusted HRs from Truven, Optum, and

Medicare were 0.75 (95%CI: 0.39, 1.45), 1.06 (95%CI: 0.49, 2.30), and 1.28 (95%CI: 0.80, 2.04),
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respectively, and the meta-analyzed HR was 1.07 (95%CI: 0.76, 1.50) (Appendix Figure 3.6).
Restricting the cohorts to patients who recently filled a prescription for an ACE inhibitor, ARB, or
aliskiren resulted in PS-adjusted HRs from Truven, Optum, and Medicare of 0.93 (95%CI: 0.48, 1.81),
0.54 (95%CI: 0.20, 1.47), and 0.88 (95%CI: 0.65, 1.19), respectively. Meta-analyzing those estimates
resulted in a HR of 0.86 (95%CI: 0.66, 1.12) (Appendix Figure 3.7). Reducing the maximum follow up
length to 60 days resulted in PS-adjusted HRs from Truven, Optum, and Medicare of 0.47 (95%CI: 0.22,
1.00), 0.93 (95%CI: 0.44, 1.97), and 1.13 (95%CI: 0.74, 1.72), respectively, and a meta-analyzed HR of
0.85 (95%CI: 0.51, 1.41) (Appendix Figure 3.8). Further reducing the maximum follow-up time to 30
days resulted in PS-adjusted HRs from Truven, Optum, and Medicare of 0.81 (95%CI: 0.33, 1.98), 0.74
(95%CI: 0.31, 1.77), and 1.59 (95%CI: 0.94, 2.69), respectively, for a meta-analyzed HR of 1.10 (95%CI:
0.65, 1.85) (Appendix Figure 3.9). Among patients categorized as low risk based on the combined
comorbidity index, the PS-adjusted HRs were 0.42 (95%CI: 0.20, 0.89), 1.56 (95%CI: 0.65, 3.76), and
1.16 (95%CI: 0.60, 2.23) in Truven, Optum, and Medicare, and the meta-analyzed HR was 0.90 (95%CI:
0.42, 1.93) (Appendix Figure 3.10). Among patients categorized as high risk, the PS-adjusted HRs were
2.32 (95%CI: 0.75, 7.16), 0.43 (95%CI: 0.09, 2.04), and 1.05 (95%CI: 0.62, 1.78) from Truven, Optum,

and Medicare, for a meta-analyzed HR of 1.12 (95%CI: 0.56, 2.25) (Appendix Figure 3.11).

Case-crossover Study

We identified 431 eligible angioedema cases, of which 253 came from Truven MarketScan, 123
came from Optum Clinformatics, and 55 came from Medicare. Across all databases, the mean age at the
time of angioedema diagnosis was 71.7 years, 47% were female, 34% had been previously diagnosed
with heart failure, and 73% had a prior dispensing for a beta blocker (Table 3.2). Patient characteristics
varied across the three databases; for example, the mean age of Medicare cases was 77.6 years while the

mean age of Optum cases was 70.6 years.
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When we applied 30-day risk windows, the case-crossover OR comparing the odds of a
dispensing for warfarin in the hazard versus reference window among the 431 cases was 0.91 (95%CI:
0.68, 1.21) (Table 3.3). When we applied 60-day hazard and reference windows, the OR was 1.09

(95%CI: 0.80, 1.48).

DISCUSSION

Our cohort study results were inconsistent with large relative increases in short-term angioedema
rates associated with initiating NOACs relative to warfarin. Specifically, the results from our primary
analysis are inconsistent with increases in the relative rate of more than approximately 27%, given that
the assumptions underlying our model were satisfied. Additionally, our case-crossover analysis did not

demonstrate that warfarin exposure itself is strongly associated with angioedema relative to non-use.

While the true exposure risk window for angioedema associated with oral anticoagulants is
unknown, we hypothesized it would begin shortly after the start of exposure, similar to that observed for
ACE inhibitor-induced angioedema or anaphylactic reactions. Prior studies have indicated that
angioedema is most likely in the 3 months immediately after initiation of ACE inhibitor therapy'*'>;
therefore, if a large increase in rate were present, we would have expected to observe it using our designs
which focused on the period immediately after exposure. Similarly, if the use of drugs known to be
associated with angioedema modified the relationship between anticoagulants and angioedema, we would

have expected to observe it in our sensitivity analysis which required all patients to be recent users of

ACE inhibitors, ARBs, or aliskiren.

Though we did not observe a large relative increase in the angioedema rate comparing NOACs to
warfarin, from the cohort study alone it was unclear whether neither treatment increased the rate relative
to non-use, or both NOACs and warfarin affected the angioedema rate relative to non-use similarly. The
latter might still be of clinical importance, so we attempted to differentiate these scenarios by using a

case-crossover study to compare warfarin to non-use. While in theory we could have directly compared
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NOAC:s or warfarin to non-use in a cohort design, untreated comparison groups are sometimes
inadvisable in pharmacoepidemiology when there may be unmeasured differences between those who
received and did not receive a medication.'™'” Given that the risk factors for angioedema absent exposure
to an ACE inhibitor are largely unknown and potentially unmeasured, we felt a self-controlled design
would better control for time-invariant unmeasured risk factors. Though cohort and case-crossover
designs are generally considered to ask complementary questions (“why them?” versus “why now?”,
respectively),'® we felt either design was appropriate for studying the association between oral
anticoagulant drugs and an unanticipated, rapid-onset angioedema outcome. Based on the results of the
case-crossover study, we do not believe a potential increase in angioedema risk associated with NOACs

was diminished in the cohort studies by a corresponding increased risk in the active comparator group.

Our findings are subject to limitations. While we attempted to control confounding through both
design and analysis, residual confounding could have reduced the magnitude of the apparent risk in either
study design. Along these lines, there appeared to be downward measured confounding in both the Optum
and Medicare cohorts. Non-differential misclassification of both exposure and outcome may have also
biased our results towards the null in both designs. A limitation of the case-crossover design specifically
was that it assumed there were no exposure time trends'”; however, we did not observe any time trends in
warfarin use over the study period in any database. While our assumed exposure risk windows in both
study designs were consistent with other forms of drug-induced angioedema and published case reports, if
substantial increases in risk did not manifest until several months after exposure, neither design would
have been able to identify a safety signal. However, since most patients in our cohort ceased filling
prescriptions after approximately 3 months, longer-term risk increases would be less relevant. A related
limitation is the large amount of censoring in the primary cohort analysis, as the majority of patients
discontinued treatment or initiated an ACE, ARB, or aliskiren prior to the end of follow-up. While the
meta-analyzed HRs did not meaningfully increase when we reduced the maximum follow-up, and

consequently reduced censoring, those estimates had greatly reduced precision. Finally, the rarity of
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angioedema in our databases led to uncertain effect estimates in both designs, most of which were

consistent with both small relative increases and decreases in angioedema rates.

Our findings are not necessarily incompatible with prior case reports and the approval trials
which suggest a potentially increased risk; however, our results do suggest that any such increased risk is
likely to be small. While we did not formally estimate an absolute effect measure, small increases in the
relative rate of rare events like angioedema would correspond to small absolute rate differences. We
believe further high-quality observational studies or well-documented case reports are warranted before

undertaking randomized trials or regulatory action.
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Appendix Figure 3.1: Pre-matching propensity score distributions for NOAC and warfarin
initiators (Truven)

E = NOAC initiators; R = warfarin initiators
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Appendix Figure 3.2: Pre-matching propensity score distributions for NOAC and warfarin
initiators (Optum)

E = NOAC initiators; R = warfarin initiators
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Appendix Figure 3.3: Pre-matching propensity score distributions for NOAC and warfarin
initiators (Medicare)

E = NOAC initiators; R = warfarin initiators
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