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Abstract

Objective: We conducted a simulation study to empirically compare four study designs [cohort, case–control, risk-interval, self-
controlled case series (SCCS)] used to assess vaccine safety.

Study Design and Methods: Using Vaccine Safety Datalink data (a Centers for Disease Control and Prevention-funded project), we
simulated 250 case sets of an acute illness within a cohort of vaccinated and unvaccinated children. We constructed the other three study
designs from the cohort at three different incident rate ratios (IRRs, 2.00, 3.00, and 4.00), 15 levels of decreasing disease incidence, and two
confounding levels (20%, 40%) for both fixed and seasonal confounding. Each of the design-specific study samples was analyzed with
a regression model. The design-specific b̂ estimates were compared.

Results: The b̂ estimates of the case–control, risk-interval, and SCCS designs were within 5% of the true risk parameters or cohort
estimates. However, the case–control’s estimates were less precise, less powerful, and biased by fixed confounding. The estimates of SCCS
and risk-interval designs were biased by unadjusted seasonal confounding.

Conclusions: All the methods were valid designs, with contrasting strengths and weaknesses. In particular, the SCCS method proved to
be an efficient and valid alternative to the cohort method. � 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The most widely accepted methods for evaluating vac-
cine safety have been study designs that compare distinct
exposed and unexposed, or diseased and nondiseased pop-
ulations. These study methods include prospective designs
such as the cohort, and retrospective designs such as the
case–control. This investigation evaluates these traditional
study designs as well as two newer designs in a simulated
analysis of a known, rare, and acute vaccine reaction: idio-
pathic thrombocytopenic purpura (ITP) after measles-
mumps-rubella (MMR) vaccination [1,2].

In a cohort study, a group of healthy vaccinated and unvac-
cinated individuals are followed forward in time, and the in-
cidence of illness in the two groups is compared. This design

provides a direct estimate of effect (the incidence rate ratio,
IRR), is well suited for rare exposures, and can be used to
analyze multiple outcomes [3,4]. It can, however, be difficult
and costly to implement when the disease is rare, and because
vaccine safety studies typically involve populations with
high vaccine coverage rates, there may be few unvaccinated
controls available. The design is also susceptible to biases
that can be introduced by comparing vaccinated and unvacci-
nated populations, as these groups may differ by ethnicity,
socioeconomic status, and underlying health states [5].

In nested case–control studies, individuals who experi-
enced a particular event over a defined time period are iden-
tified. This group of cases is then compared to a control
group of event-free individuals from the same time period,
who are often matched to the cases on variables such as
gender, managed care organization (MCO), and age [1,6–
8]. This design is economical and well suited for rare ill-
nesses. In addition, because the cases are typically matched
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to the controls by age and calendar time (e.g., the age at the
date of diagnosis), particular time-varying confounders,
such as age and seasonality, are adjusted for by proxy. As
with the cohort method, however, confounding variables re-
lated to both the outcome and vaccination statusdas well
as other time-varying factors such as underlying health
statesdwill bias the case-control design.

Since 1995, alternative methods known as the risk-interval
(or vaccinated cohort) and self-controlled case series (SCCS)
study designs have been used for vaccine safety studies
[2,7,9–15]. These designs differ from more traditional
methods in that time intervals both before and after vaccina-
tion within the same individual are used to classify a person
as exposed or unexposed. In the risk-interval design, inci-
dence rates for risk and nonrisk time periods are compared,
but only vaccinated individuals are included in the study. A
time period immediately following vaccination is designated
as the risk-interval, and events that occur during this period
are classified as exposed cases. Time periods outside of the
risk-intervaldbefore and after the vaccinationdare consid-
ered the nonrisk (or control) periods, where occurrences of
illness are classified as unexposed cases. Because only vacci-
nated individuals are included in the study, biases introduced
by comparing vaccinated and unvaccinated populations are
minimized. In addition, because control time periods both
before vaccination and after the risk period are included in
the analysis, the design is ideal for assessing the risk of acute,
self-limiting events following vaccination.

The SCCS method is a similar design in which incidence
rates for risk and nonrisk time periods are compared, but only
cases are necessary for the analysis [14–17]. The study pop-
ulation comprises only cases that occur over a predefined ob-
servation period, and each case acts as its own control,
thereby controlling for both measured and unmeasured con-
founding variables that do not vary over time. With the SCCS
method, multiple occurrences of independent events within
an individual can be analyzed. Theoretical calculations have
also demonstrated that the method’s statistical power closely
approximates that of a cohort study when the vaccination
coverage rate is high and the periods of risk following vacci-
nation are short [14,15]. To our knowledge, however, these
assertions have not been validated empirically.

Possible limitations of the risk-interval and SCCS
methods stem from their ability to implicitly control for
time-varying confounders, such as seasonality or age. In
contrast to the case–control analysis, these covariates can-
not be adjusted for by proxy in the risk-interval and SCCS
analyses. Instead, time-varying confounders must be ex-
plicitly defined as either continuous functions or categorical
variables and added to multiple Poisson regression models
[12,14]. Mis-specifying such variables can lead to biased
resultsdparticularly when the event is rare [18].

To address some of the gaps in the current literature, we
conducted a simulation study that evaluated the bias and
precision of the four study designs’ IRR estimates, the sta-
bility of the design-specific IRR estimates at different levels

of disease incidence, and each design’s ability to handle un-
measured confounding.

2. Materials and methods

2.1. Data

This study was conducted under the Vaccine Safety
Datalink (VSD), a Centers for Disease Control and Preven-
tion-funded project that links large administrative databases
from eight MCOs located across the United States. The fo-
cus of the VSD is to conduct epidemiologic studies of vac-
cine safety [19]. Currently, the VSD databases contain
health care data from 1991 to 2003, representing a cohort
of over 5,000,000 children younger than 18 years of age.
For this study, we used VSD data through year 2000 from
five of the MCO sites.

2.2. Cohort construction and simulation

We first constructed a retrospective cohort study popula-
tion using the following VSD data fields: MCO, birth date,
gender, membership dates, and MMR vaccination dates. To
ensure a balanced distribution of important variables among
the study groups, each MMR vaccinated child was matched
to one unvaccinated child by gender, MCO, and age (within
7 days) at the date of the vaccination (n 5 2,774,122). Up
to 365 days before and after the matched dates were used
as follow-up times (i.e., the observation periods). Unvacci-
nated children did not receive a vaccination during their en-
tire follow-up time of up to 730 days surrounding the
matched date. In the exposed children, the 42-day period fol-
lowing vaccination was defined as exposed person-time. The
6-week postvaccination period is an exposure time interval in
which ITP has been attributed to the MMR vaccine [1,2]. All
of the time outside of the 42-day risk period was designated
as unexposed person-time. On average, each cohort member
contributed 591 days of person-time follow-up.

After the study population was constructed, cases of ITP
were simulated on a specific date (diagnosis date) within
the defined follow-up times at a fixed IRR. Exposed cases
were simulated in the 42-day risk periods, while unexposed
cases were simulated in the time periods outside of the risk
periods. In the unexposed (or unvaccinated) subjects, cases
were simulated within the entire 365-day periods before or
after the matching date. The following probabilistic model
was used to simulate the cases:

p 5 pt
1

1 1 e2

�
b0 1 b1x1Þ

ð1Þ

where p is the probability of being a case, b0 is the inter-
cept of the model, b1 is the main parameter of interest, x1

is the exposure indicator (1 5 exposed and 0 5 unex-
posed), and pt represents person-time contributed. For un-
exposed individuals (x1 5 0), p is a function of pt and
b0. To approximate b0, we used the estimated annual
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