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ABSTRACT

Background: The significant risk of adverse events following medical procedures supports a clinical epidemio-
logical approach based on the analyses of collections of electronic medical records. Data analytical tools might
help clinical epidemiologists develop more appropriate case-crossover designs for monitoring patient safety.
Objective: To develop and assess the methodological quality of an interactive tool for use by clinical epidemiol-
ogists to systematically design case-crossover analyses of large electronic medical records databases.

Material and Methods: We developed IT-CARES, an analytical tool implementing case-crossover design, to
explore the association between exposures and outcomes. The exposures and outcomes are defined by clinical
epidemiologists via lists of codes entered via a user interface screen. We tested IT-CARES on data from the
French national inpatient stay database, which documents diagnoses and medical procedures for 170 million
inpatient stays between 2007 and 2013. We compared the results of our analysis with reference data from the
literature on thromboembolic risk after delivery and bleeding risk after total hip replacement.

Results: IT-CARES provides a user interface with 3 columns: (i) the outcome criteria in the left-hand column,
(ii) the exposure criteria in the right-hand column, and (iii) the estimated risk (odds ratios, presented in both
graphical and tabular formats) in the middle column. The estimated odds ratios were consistent with the refer-
ence literature data.

Discussion: IT-CARES may enhance patient safety by facilitating clinical epidemiological studies of adverse
events following medical procedures. The tool’s usability must be evaluated and improved in further research.
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INTRODUCTION

The risks of adverse events following medical procedures can be
assessed (at least in part) in randomized controlled trials (RCTs).
However, the external validity of RCTs is limited by the strict eligi-
bility criteria and the short follow-up period.! Therefore, a robust
assessment of patient safety requires large population-based

studies.? A clinical epidemiological approach based on electronic
medical record (EMR) databases would enable a more systematic
analysis of adverse events in routine clinical practice. Since many
different designs are available, the Observational Medical Outcome
Partnership recently carried out an empirically-based comparison of
several designs for observational studies.® The project concluded
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that case-crossover and cohort-crossover designs were the most suit-
able for pharmacoepidemiological population-based studies.*

In the case-crossover design, the case and the control are one and
the same person (albeit at different times); this contrasts with the
case-control design. The case-crossover design allows the investiga-
tor to control for time-constant confounding factors such as gender,
age, weight, and lifestyle patterns. Each patient’s likelihood of expo-
sure during the period preceding the onset of a given outcome/event
(the case period) can be compared with the likelihood of exposure
during a similar period at another time (the control period). This
design is notably appropriate for transient events or exposures, such
as surgical procedures.

Given the large size of today’s administrative databases (including
EMRs) and the many potential associations to be studied, there is a
need to summarize and represent the information more effectively.>
Other epidemiological fields already use web-based strategies and
data visualization methods to seek or predict epidemiological events.”
The visualization of clinical and public health data for complex study
designs can be facilitated by the use of analytical tools.>° The inte-
gration of visual analytics with advanced statistical methods can help
policy makers make more reliable decisions.' '

Clinical epidemiologists are involved in the validation of the data
associated with suspected adverse events.'® For instance, the US Food
and Drug Administration reporting program MedWatch receives hun-
dreds of thousands of reports each year.'* These suspected associations
between an exposure (e.g., a medical procedure) and an adverse event
should be explored in clinical epidemiological studies. However, this
task requires advanced statistical knowledge and skill in effectively
locating and exploiting information within large databases.

The specific problem of venous thromboembolism (VTE) and
the iatrogenic bleeding risk associated with antithrombotic drugs
has been addressed in a number of clinical epidemiological stud-
ies.'>"17 Indeed, almost half of all cases of VTE can be attributed to
current or recent hospitalization,'® and risk factors for VTE are very
common among hospitalized patients.'® Around the world, the cur-
rent guidelines recommend active prevention strategies.>*>*> The
RCTs conducted to date have failed to determine the long-term risk
of VTE or bleeding,”® and the generalizability of these RCTs’ find-
ings has been limited due to low compliance with care guidelines
(poor adherence to dosing, insufficient treatment durations, the pre-
scription of inappropriate antithrombotic, etc.).2*”

The present study had 2 objectives: (i) to develop an interactive
tool for use by clinical epidemiologists to systematically design case-
crossover analyses of large EMR databases and (ii) to assess the tool’s
applicability and methodological quality by using it to estimate
thromboembolic and bleeding risks after medical procedures recorded
in a very large nationwide administrative inpatient database.

MATERIAL AND METHODS

We developed “IT-CARES,” an interactive tool for the case-
crossover analyses of EMRs. We shall successively present the case-
crossover design embedded in the tool, the implementation of
IT-CARES (including the input dataset and the user interface set-
tings), and the details of our test case (based on the French national
inpatient stay database).

A case-crossover design in IT-CARES
A case was defined as a patient’s first experience of the primary out-
come (e.g., VTE or bleeding). After including the case, we searched

the EMR database for exposure in 2 periods: (i) immediately before
the primary outcome and (ii) during a control period 1 year earlier
(Figure 1). The case period and thus the control period were split
into several intervals. A paired-matched interval approach was used,
as described by Mittleman et al.*® Conditional logistic regression
was used to compare the likelihood of exposure during each interval
of the case period with that of the control period. An odds ratio
(OR) and its 95% confidence interval (CI) was computed for each
interval. This OR reflects the risk of onset of the primary outcome
compared with the baseline risk. We automated the case-crossover
analyses by adopting some modeling assumptions and incorporating
user-defined parameters into IT-CARES.

Modeling assumptions

The index date (the day of onset of the primary outcome) was
assumed to be the first day of the inpatient stay episode. For each
case, an observation window of 2 years (from the index date) was
defined retrospectively. Once the patient’s index date had been
determined, the case and control periods were screened for expo-
sure. The “time to case” was defined as the difference between the
index date and the exposure date. If the exposure and the primary
outcome occurred during the same episode, the time to event was set
to 0.

Parameters defined by the user when performing the case-crossover

analysis

(a) Criteria for case inclusion: the clinical epidemiologist chose 1
or more diagnoses to define the case’s primary outcome and
delimit the study period. The index date had to be inside the study
period (apart from the first 2 years). The age had to be within a
defined range.

(b) Criteria for case exclusion: patients were excluded by the clini-
cal epidemiologist if they had a medical history defined by a list of
1 or more diagnoses. Exclusion criteria were applied to the case
stay itself, if required.

(c) Criteria for exposure: the clinical epidemiologist defined the
exposure as a combination of diagnoses and medical procedures.
The database was searched for this combination during the case
period and control period. The clinical epidemiologist also defined
the maximum possible length for an episode with exposure. The
case stay was excluded from the exposure screening period, if
required. Lastly, the epidemiologist could exclude a patient pre-
senting several episodes of the exposure.

Implementation of IT-CARES

Input dataset

We set up a simple data model consistent with the case-crossover
design; the input dataset had to comply with a denormalized format
containing at least the following 8 columns: (1) patient ID, (2) epi-
sode ID, (3) diagnoses, (4) procedures, (5) age, (6) admission day,
(7) year of the episode, and (8) length of stay (for details, see Supple
mentary Appendices). In order to be analyzed with IT-CARES, data
from our test case had to be formatted as described; these data are
presented below in the Data sources section.

User interface settings

The user interface was developed to enable the user (e.g., the clinical
epidemiologist) to set the case-crossover parameters presented in
Table 1. He/she selected the input database corresponding to the
risk to be studied (e.g., VTE or bleeding), set the values of the study
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Figure 1. The case-crossover design. Patient: (1) the primary outcome is sought between 2009 and 2013 (the hatched time line, providing 2 years of retrospective
data). (2) The first occurrence defines a retrospective observational window of 2 years. (3) The exposure is sought during case and control periods. Population (all
cases): rates of exposure during case and control periods are compared using conditional logistic regression, and the odds ratio is computed.

parameters, and queried the database. IT-CARES automatically esti-
mated the risk and generated output in both graphical and tabular
formats.

Technical specifications

The IT-CARES software and a set of simulated data are made avail-
able via an R package to allow any clinical epidemiologist to analyze
his/her own collection of EMRs using a systematic case-crossover
design. IT-CARES was implemented using R 3.2.0*° and RShiny, a
framework for creating interactive web applications based on R.°
Support for processing large databases (i.e., with tens of millions of
rows) was optimized with the data.table®® and dplyr*> packages.
Final rendering was performed with ggplot2,>* xtable,** and mark-
down.>® Statistical analysis used the survival package.®® All analyses
were performed on a server with an Intel® Xeon® Processor ES-
2620 v2 @ 2.10 GHz chip and 32 Go of DDR3 1600 MHz memory.

Given the large number of records typically used to implement
case-crossover studies, computational performance is a challenging
issue. Case selection is a time-consuming process because the whole
database is queried. Since case/exposure selection is a serial process,
any change in the case selection criteria requires the exposure selec-
tion to be recomputed. However, the converse is not true, meaning
that outputs can be updated faster when exposure selection parame-
ters alone are modified. Computation time is presented with the test
case in the Results section.

The test case: using IT-CARES to analyze 170 million
inpatient stays

Risks of thromboembolism and bleeding after medical procedures
In the context of our test case, we used IT-CARES to estimate the
population-based risk of an acute thromboembolic or bleeding event
(the primary outcome) following exposure to a medical procedure.
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Table 1. User-defined parameters in IT-CARES for case-crossover analyses

Parameter Value/value range

Definition and use

Primary outcome List of diagnostic codes

Study period Start year and end year

Age Minimum and maximum age
Exclusion criteria List of diagnostic codes
Application of the exclusion TRUE/FALSE

criteria to the case stay
Exposure

Diagnoses and/or List of diagnostic codes

Procedures List of procedure codes
Screening case stay TRUE/FALSE
Only 1 exposure allowed TRUE/FALSE
Maximum length of stay Length of stay

Case/control periods Length of an interval (in days)

Number of intervals

Select the cases: the earliest record containing 1 or more of these diagnoses
Specify the study period

Check whether the patient’s age on the index date is within the range

Exclude a patient if any of his/her records contain 1 or more of these diagnoses
Apply the exclusion criteria to the case stay, or not

Select the exposure: all records containing 1 or more of these codes during the
case or control periods

Screen the case stay for exposure

Exclude multiple exposures

Limit the length of the episode with exposure

The length of the case and control periods are defined as the length of an interval
multiplied by the number of intervals

We used a washout period of 1 year (between the end of the control
period and the onset of the primary outcome) to ensure that the risk
returned to baseline. Medical procedures are influenced by seasonal
trends; thus, a 1-year period took account of the fact that time of
year might be a confounding factor. After setting appropriate
parameters for each study, the risk was automatically estimated
using IT-CARES.

Data sources

The French national inpatient stay database contains an exhaustive
structured description of all inpatient stays in French public- and
private-sector hospitals. It was first designed for health insurance
payment purposes. We reused the “acute hospital admissions” part
of the database, which contains 171 556 421 inpatient stays for the
7-year period from January 1, 2007, to December 31, 2013. Each
record contained data on the diagnoses (according to the Interna-
tional Statistical Classification of Diseases and Related Health Prob-
lems, 10th Revision, ICD-10), medical procedures (according to the
French Classification Commune des Actes Médicaux classification),
age, year of the discharge, length of stay, time between 2 admissions,
and a unique patient identifier. Although the database is pseudo-
anonymized, the unique identifier allowed us to track individual
patients in the database and compile each inpatient stay within the
study period. We preprocessed the database by selecting a subset
that contained all stays for patients with at least 1 diagnosis of
thromboembolism or bleeding (for the codes, please refer to the Sup
plementary Appendices). The study was approved by the French
data protection authority (Commission Nationale de I'Informatique
et des Libertés (CNIL) authorization number: 1754053).

Comparison of IT-CARES outputs with relevant published studies

The results generated by IT-CARES were compared with relevant
published studies in a 3-step process. We first replicated Kamel
et al.’s findings on the risk of thrombotic events after delivery.'” In
Kamel et al.’s study, the risk was computed using a retrospective
crossover-cohort analysis on claims data for discharges from acute
care hospitals and emergency departments in California. A compo-
site primary outcome of ischemic stroke, acute myocardial infarc-
tion, or VTE was used, although the researchers also provided ORs
for VTE alone. We thus compared the ORs computed with IT-
CARES with the ORs for the composite outcome and for VTE com-
puted by Kamel et al. Cases of thromboembolism were screened for

using pulmonary embolism (PE) as the primary outcome. We
included patients aged between 15 and 435 years. Patients with a his-
tory of VTE were excluded. We screened the cases for codes for
delivery as the exposure. We did not screen for exposure in the
case stay and allowed only 1 exposure. We computed seven 42-day
intervals.

Second, we assessed the bleeding risk after total hip replacement
(THR) and compared it with the value from Lalmohamed et al.’s"®
study of Danish national registry data. The latter database included
(but was not limited to) information on hospital stays, outpatient
visits, drugs, and death. Using a Cox proportional hazards model,
Lalmohamed et al. computed the hazard ratio (HR) for gastrointes-
tinal bleeding in THR patients, relative to age- and gender-matched
controls. The researchers used time interaction terms to estimate
HRs for different periods. We identified bleeding using the same list
of ICD-10 codes. Cases of bleeding were screened for using serious
intestinal bleeding as the primary outcome. We included patients
aged 18 or over. Patients with a history of serious intestinal or intra-
cranial bleeding were excluded. We screened the cases for procedure
codes for THR (exposure). We did not screen the case stay and
allowed only 1 exposure. We computed six 42-day intervals.

Lastly, since carpal tunnel surgery reportedly does not increase
the risk of VTE, this procedure was chosen as a negative control.

RESULTS

In the following sections, we present the IT-CARES user interface,
its availability (as an open-source tool), and the results of the test
case.

Presentation of the user interface

The deployment of IT-CARES as a web application is depicted in
Figure 2. The user interface is divided into 3 columns. The left and
right columns are dedicated to user inputs, whereas the middle col-
umn is dedicated to displaying the IT-CARES output. More specifi-
cally, the criteria for case selection and the criteria for exposure
selection are provided in the left- and right-hand columns, respec-
tively. The middle column is divided into 3 panels: the update but-
ton for generating new estimates (top), the graphical output
(middle), and the tabular output (bottom). In our test case, the case
selection process took an average of 22's (range: 20-27s) and expo-
sure selection took an average of 4 s (range: 2-7s).
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Figure 2. Web application deployment of IT-CARES; user-controlled parameters (green fields), and graphical and table outputs (orange and blue fields).

Availability of IT-CARES

IT-CARES will be available from the Comprehensive R Archive Net-
work (https://cran.r-project.org/) as an R package. The source code
is freely available on GitHub (https://github.com/jomuller/
ITCARES). IT-CARES was also deployed as an interactive web
application through RShiny. Thus, IT-CARES outputs can be gener-
ated through the web application or by calling its methods in the R
console.

The test case: automated risk estimations and
comparisons with relevant published studies

We first configured IT-CARES to estimate the risk of a thromboem-
bolic event after delivery. We identified 231 264 first cases of PE. As
shown in Figure 3, we observed 410 exposures during the first inter-
val after delivery (42 days) in the case period and 36 exposures
within the same interval in the control period. The risk of throm-
boembolism was significantly elevated during this interval, with an
OR [95% CI] of 11.39 [8.10-16.01]. During the same period,
Kamel et al. found a thromboembolic risk (expressed as an OR
[95% CI]) of 10.8 [7.8-15.1]. The risk was also elevated during the
second interval of 42 days, and both studies showed that the throm-
boembolic risk was not elevated after 12 weeks (Table 2).

In a second step, we configured IT-CARES to estimate the bleed-
ing risk after THR. We identified 515 580 first cases of serious intes-
tinal bleeding. As shown in Figure 4, we observed (i) 576 exposures
within the first interval of 42 days during the case period and (ii)
109 exposures within the same time interval during the control
period. The associated risk of serious bleeding was significantly ele-
vated during this interval, with an OR [95% CI]=35.3 [4.3-6.5].
Lalmohamed split the first interval into days 1-14 and days 15-42
(Table 2). The HRs [95% CI] for the bleeding risk were, respec-
tively, 6.0 [4.1-8.9] and 4.3 [3.3-5.7]. The risk was also elevated

Odds ratio for primary outcome

85-126 127 - 168 169 -210 211 -252 253 - 294

Days after exposure

Figure 3. IT-CARES’s graphical presentation of the risk of venous throm-
boembolism in successive 42-day intervals after delivery.

during the second 42-day interval, and both studies showed that the
risk of serious bleeding persisted for 12 weeks.

A complementary analysis was performed as a negative control.
As expected, the risk of a thromboembolic event after carpal tunnel
surgery was not significantly elevated during the 8-month study
period (see the Figure in the Supplementary Appendices).
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Table 2. Comparison of our estimations with the findings of relevant published studies

Interval

Risk of thromboembolic event after delivery (Kamel et al.)

Risk of serious bleeding after total hip replacement
(Lalmohamed et al.)

IT-CARES Kamel Kamel IT-CARES Lalmohamed
(PEY) (overall®) (VTES)
Interval 1 (days 1-42) 11.4 [8.1-16.0] 10.8 [7.8-15.1] 12.1[7.9-18.6] 5.3 [4.3-6.5] 6.0 [4.1-8.9] (days 1-14)
4.3 [3.3-5.7] (days 15-42)
Interval 2 (days 43-84) 3.1 [2.1-4.6] 2.2[1.5-3.1] 2.2 [1.4-3.3] 1.9 [1.5-2.3] 2.4[1.8-3.2]
Interval 3 (days 85-126) 1.2 [0.8-1.7] 1.4 [0.9-2.1] 1.6 [1.0-2.5] 1.2 [0.9-1.6] 1.0 [0.8-1.3] (days 85-182)

The results are quoted as the OR [95% CI] with the exception of Lalmohamed et al.’s study, for which the HR [95% CI] is given.
Emphasis of our results (IT-CARES) versus reference studies are indicated in bold.

*Primary outcome = pulmonary embolism alone.
PPrimary outcome = stroke + myocardial infarction + VTE.
“Primary outcome = VTE.

Odds ratio for primary outcome

1-42 43 -84 85-126 127 - 168 169 - 210 211-252

Days after exposure

Figure 4. IT-CARES's graphical presentation of the risk of serious bleeding in
successive 42-day intervals after total hip replacement.

DISCUSSION
Main findings

IT-CARES was developed as an interactive analytical tool that ena-
bles clinical epidemiologists to design and perform a case-crossover
analysis exploiting a large collection of EMRs. We demonstrated the
tool’s capabilities and accuracy in 2 test assessments of the
population-based thromboembolic risk after delivery and the bleeding
risk after THR, respectively. IT-CARES makes it possible for clinical
epidemiologists to design and rapidly execute a complex case-
crossover analysis in a very large database. Clinical epidemiologists
are likely to want to explore a wide range of medical procedures and
potential outcomes. These associations can be addressed by redefining
the primary outcome and appropriate design settings in IT-CARES.
Moreover, IT-CARES makes it easy to assess the trade-off between
different risks of adverse events (such as bleeding and thrombosis in
the test case presented in our study), which can be studied over differ-
ent periods of time after medical procedures. Given the lack of other
similar analytical tools, we compared IT-CARES’s results with rele-
vant published studies. Our results for the thromboembolic and

bleeding risks are consistent with the findings reported by Kamel

1.7 and Lalmohamed et al."® in terms of both the effect size and

et a
the persistence of risk over time. We also performed a negative con-
trol (carpal tunnel surgery); as expected, we did not observe a signifi-

cant elevation of the thromboembolic risk after this day-case surgery.

Strengths and limitations of IT-CARES

IT-CARES relies on the exploitation of EMR data. The use of EMR
databases has already revealed opportunities for improving patient
safety and the quality of care.”*® However, many concerns about the
reliability of the information in EMRs have been expressed.*” These
potential limitations are closely related to the design of a system that
generally focuses on a specific aspect such as cost, efficiency, quality, or
patient safety.* Many different types of EMR databases are found
across the world, which leads to poor interoperability and contrasting
data models.*! This is one of the reasons we chose to publish the code
for IT-CARES and selected a simple, denormalized format for the data
model. Reusing administrative data is advantageous, insofar as this
approach provides a very large sample size and is relatively inexpensive
(with a moderate marginal cost).*? Furthermore, subgroups of patients
with particular characteristics can be targeted in order to evaluate a
specific risk and its persistence over time. For a given medical risk, IT-
CARES could be effectively used to estimate changes over time or to
compare these risks from one hospital to another. This would be of
great interest to health authorities or hospitals per se. Furthermore, the
integration of an administrative database with drug prescription data
would enable IT-CARES to assess drug safety—related risk.

Given the inherent complexity of implementing case-crossover
study designs, IT-CARES should not be considered the sole means of
conducting these studies. In fact, it is a tool that can help an investi-
gator conduct case-crossover analyses in a more systematic way.
Thus, clinical epidemiologists will need to be trained in the routine
use of IT-CARES.® This also implies that IT-CARES’s usability
needs further testing. One of IT-CARES’s key features for the clini-
cal epidemiologist is the ability to adjust the observation window
and case/control periods. Nonetheless, users have to be cautious
when comparing the case period with the usual length of stay associ-
ated with the medical procedure. A case period shorter than the
length of stay would lead to overestimation of the first OR by erro-
neously including late cases. This problem could be solved by replac-
ing the admission day with the exact start day for the primary
outcome onset—if the latter is available in the EMR dataset. The
case-crossover design also requires the onset of the case to be acute;
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the time between exposure and onset of the primary outcome must
therefore be accurately computed.

Lessons learned from our test case

Our test case emphasized a number of issues that have to be taken
into account by the clinical epidemiologist.*> We did not know the
precise date of event occurrence within a stay. Consequently, if the
exposure and the primary outcome are present in the same record,
we did not know which occurred first. However, we assumed that
most medical procedures would be postponed if the primary out-
come occurred first—making it highly probable that exposure pre-
ceded the outcome in the cases we analyzed. This assumption is not
valid for delivery, which by definition is rarely deferrable; hence, we
excluded the case stay when screening for exposure in the test case.
Another point mentioned above is the reliability of coding medical
data. Our database allowed us to use only PE and a limited number
of bleeding codes, since this event has a sudden onset and is almost
always serious enough to require hospitalization.**** Lastly, our
database did not record deaths outside the hospital, which might
have led to the underestimation of associations.

Moreover, a difference in the way the primary outcome is meas-
ured in the case period vs the control period would introduce a classi-
fication bias. For instance, diagnosis of PE can be overestimated after
surgical exposure because the clinicians are aware of the high risk and
are more likely to look for signs of this condition. Likewise, better
outpatient follow-up might lead to overestimation of the association.

CONCLUSION

IT-CARES was developed as an interactive, freely-available, open-
source tool enabling the clinical epidemiologist to implement the
case-crossover design systematically in EMR databases. This tool
may enhance patient safety by facilitating adverse event assessment
studies following medical procedures. Although IT-CARES provided
reliable results in a test case, further research must be carried out in
order to evaluate it in additional patient safety studies and elaborate
on its usability for advancing the end-user experience.
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