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Abstract

Objective—Case-control studies of the effectiveness of a vaccine are useful to answer important
questions, such as the effectiveness of a vaccine over time, that usually are not addressed by pre-
licensure clinical trials of the vaccine’s efficacy. This report describes methodological issues related
to design and analysis that were used to determine the effects of time since vaccination and age at
the time of vaccination.

Study Design and Setting—A matched case-control study of the effectiveness of varicella
vaccine.

Results—Sampling procedures and conditional logistic regression models including interaction
terms are described.

Conclusion—Use of these methods will allow investigators to assess the effects of a wide range
of variables, such as time since vaccination and age at the time of vaccination, on the effectiveness
of a vaccine.
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What is new?

Matched case-control studies are a statistically powerful method of assessing a
vaccine’s effectiveness as it is used in the field, particularly to address questions about
effects of time since vaccination and of age at the time of vaccination.

We describe the sampling plan (risk set sampling) and the statistical methods
(conditional logistic regression models with interaction terms) that can be used by
investigators to answer multiple questions about a vaccine’s effectiveness.
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Future studies of a vaccine’s effectiveness should incorporate these methodological
considerations to maximize the relevance of findings to address clinical issues and to
inform future research.

For a new vaccine to be approved for use by the Food and Drug Administration, it is virtually
always necessary to conduct a randomized clinical trial to document its protective efficacy.
Although randomized trials are the gold standard for scientific validity, they do have a number
of limitations. [1] To study the efficacy of a vaccine over time, a randomized trial would require
extensive longitudinal follow-up of a large number of subjects, which would be both
logistically difficult to conduct and very expensive. Consequently, pre-licensure trials
generally are conducted for a relatively short period of time and often do not answer questions
such as whether the vaccine’s efficacy wanes over time or whether the vaccine’s efficacy differs
in specific subgroups of patients. Case-control studies are a statistically powerful alternative
method to answer such questions once a vaccine is approved and is in general use. [1-4] We
conducted a matched case-control study of the effectiveness of varicella vaccine to address
two major questions: 1) Does the vaccine’s effectiveness wane over time? and 2) Does age at
time of vaccination affect the vaccine’s effectiveness? [5-6]

The methods and results of this study have been described previously. [6] Briefly, case subjects,
identified by active surveillance of 20 pediatric practices in southern Connecticut, consisted
of 339 eligible children clinically diagnosed with chickenpox who also had a positive test result
by polymerase chain reaction assay. Two controls matched by both date of birth (£1 month)
and pediatric practice were selected for each case subject. Medical records of all subjects were
reviewed to determine when vaccinations were administered and to obtain information on
covariates. Results indicated that overall the vaccine’s effectiveness was 87% (95% confidence
interval [C1]: 81%-91%). There was a significant effect of time since vaccination; effectiveness
was 97% in the first year after vaccination compared with 84% in subsequent years (P<0.01).
The effectiveness one year after vaccination was significantly lower among children vaccinated
at <15 months of age compared with children vaccinated at >15 months of age (73% vs. 99%,
P=0.01).

A matched case-control study can be used to control for the effects of potential confounding
variables in the study design. The major advantages of matching are that it may be both cost-
effective and efficient under the right set of circumstances. Another advantage of matching on
potential confounding variables, rather than adjusting for potential confounders during
analysis, is that the functional form for the relationship between the confounding variable and
the outcome need not be specified, and thus matching provides a superior method to control
confounding. However, there are several potential disadvantages of a matched case-control
design that must also be considered. First, it may be difficult to obtain matched controls for all
cases. Second, the effect of the matching variables on disease cannot be estimated. Finally,
special methods (described below) are required to analyze data from matched designs.

The purpose of this report is to describe the sampling plan - risk set sampling - and the statistical
methods - conditional logistic regression models with interaction terms - to answer research
questions that have important clinical implications in a matched case-control study of the
vaccine’s effectiveness.

Design Issue: Risk Set Sampling

Appropriate selection of controls in case-control studies is essential to produce valid, unbiased
estimates of risk. ldeally, controls will be a sample of individuals from the source population
that gave rise to the cases. In other words, controls are individuals who, had they developed

the disease of interest, would have been a case in the study. When controls are selected from
a list at a single point in time, that is, without regard for the amount of time these individuals
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were at risk for developing the disease, then parameter estimation of the odds ratio
approximates relative risk only for rare diseases. However, if risk set sampling is used, then
the odds ratio approximates relative risk for outcomes of any frequency. Risk set sampling is
the process by which controls are chosen from the set of individuals in the source population
who are at risk for the disease (i.e., in the risk set) at the time the case was diagnosed. [7] In
this way, the element of time at risk is accounted for because cases are matched to controls
with respect to sampling time and the odds ratio is a valid estimate of relative risk. Risk set
sampling was employed in this study because controls were selected from lists of active patients
at the pediatric practice at the time the case was diagnosed. Using risk set sampling means that
a control can later become a case, and controls may be included more than once because if
these individuals remain in the risk set, then they should be eligible subsequently for selection.
Indeed, in this study, on several occasions controls later did become cases. Though this may
seem a subtle procedural matter in recruitment and eligibility of subjects, it is critical for valid
estimation of risk in case-control studies.

Statistical Analysis: Conditional Logistic Regression Using Interaction

Terms

Overall Effectiveness of the Vaccine

In matched case-control studies, the log odds of disease for individual j in matched set i can
be modeled using a linear logistic model as shown in Equation (1), which includes a stratum-
specific constant term, a;, for each of the matched sets (i.e., strata) and a beta parameter
coefficient for each of the k variables of primary interest:

log odds (Varicellaij) =a;+ 'lelij + ﬂ2x2ij +.t 'kakij (1)

To determine the overall effectiveness of a vaccine in a matched case-control study, the model
of interest will estimate the log odds ratio (OR) of being a case (having varicella) for those
who were vaccinated compared with those who were not vaccinated. This can be achieved by
creating a variable vaccine that is equal to 1 if the subject is vaccinated anytime (or more than
a specified time—e.g., 2 weeks) before focal time—the time of diagnosis for the case subject,
and 0 if the subject is not vaccinated before this time. The model shown in Equation (2) can
be used to estimate the overall effectiveness of the vaccine.

log odds (varicella) = a;+ lf’l (vaccine) (2)

where B4 is the log OR for children who were vaccinated compared with children who were
not vaccinated. Using Equation (3), one may obtain the OR comparing these two groups.
OR = exp| 5 (3)

The vaccine’s effectiveness (VE) expressed as a percentage may be estimated by Equation (4)
where the OR is used as an estimate of the relative risk (RR).
VE =[1-RR] * 100 (4)

In the study, the model in Equation (2) produced a parameter estimate of 31 = -2.0. Therefore,
we estimated the OR for being vaccinated, comparing cases with controls, to be 0.13,
corresponding to an overall effectiveness of: [1 - 0.13] * 100 = 87%. This means that the odds
of being a case are 87% lower for vaccinated children compared with children of the same age
and pediatric practice who were not vaccinated, in other words, an 87% reduction in the risk
of infection. These and all subsequent analyses may be adjusted for other potential confounding
variables by including the necessary parameters in the model. In the study, terms for sex, race,
attendance group day care, asthma, use of a corticosteroid, and receipt of varicella vaccine
within 28 days after receiving measles-mumps-rubella vaccine were included in all models for
this purpose.
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Effect of Time since Vaccination on the Vaccine’s Effectiveness

In addition to knowing its overall effectiveness, investigators may also want to know the effect
of time since vaccination to assess whether effectiveness wanes over time. Because Equation
(2) does not include a parameter for the effect of time since vaccination, it cannot be used to
assess this potential effect. The variable vaccine includes both the effect of vaccination and
the effect of time since vaccination in a single parameter, so these effects cannot be separated.
However, this may be an important effect to estimate because if effectiveness declines at a
certain rate or falls below a specified level after a certain period of time, then a booster dose
of the vaccine may be recommended.

To estimate the effect of time since vaccination on the effectiveness of a vaccine, additional
variables need to be created for fitting another model. A term for each possible year during
which vaccinated children could have developed disease was created. These terms equal 1 for
subjects whose status was vaccinated in a given year prior to focal time (the time at which the
case subject developed varicella) and 0 for everybody else, including all unvaccinated study
participants. For this model, 7 new terms were created because there were up to 7 years of
follow-up after a child could have been vaccinated. Y1 was equal to 1 for subjects who had
been vaccinated <1 year before focal time and it was equal to 0 for everyone else (subjects
who were vaccinated >1 year prior to focal time and all unvaccinated subjects); Y2 was equal
to 1 for subjects who were vaccinated between 1 and 2 years before focal time and was equal
to O for everyone else; Y3 = 1 for subjects who were vaccinated between 2 and 3 years before
focal time and was equal to O for everyone else, etc. up through Y7. The model in Equation
(5) that includes all terms Y1 through Y7 produces estimates for the log OR of being a case
for children who were vaccinated in different years prior to focal time compared with the
unvaccinated.

log odds (varicella) = a, + 8, (Y1) + £,(Y2) + 8,(Y3) + 8,(Y4) + 65(Y5) + £(Y6) + £,(YT) (5)

In this model, the referent group is unvaccinated children because this group is not
parameterized. Each parameter estimate can be exponentiated using Equation (3) to produce
estimates of the vaccine’s effectiveness in each year after vaccination. In this study, the
parameter estimates were 1= -3.6, 3,=-2.0, 3= -1.8, R4=-1.7, R5=-1.8, Rg=-1.6, and B;=
-1.7, corresponding odds ratios of 0.03, 0.14, 0.17, 0.19, 0.16, 0.19, and 0.19, respectively.
These translate to an effectiveness of 97% 1 year after vaccination, 86% 2 years after
vaccination, 83% 3 years after vaccination, 81% 4 years after vaccination, 84% 5 years after
vaccination, 81% 6 years after vaccination, and 81% 7 years after vaccination.

In addition to determining the vaccine’s effectiveness in each year after vaccination,
investigators may also want to determine whether there is a significant change in the vaccine’s
effectiveness over time. To do this, another model was created, shown in Equation (6), that
includes the vaccine variable and the Yi variables with the term for year one excluded to provide
the referent category.

log odds (varicella) = a, + 8 (vaccine) + £,(Y2) + 8,(Y3) + 8,(Y4) + 65(Y5) + B(Y6) + £,(YT) (6)

The parameter B, represents the log OR for children vaccinated within one year of focal time
relative to unvaccinated children and is equivalent to the parameter 1 from Equation 5. The
parameters 3 , through B 7 now represent the effect of vaccination given in years two through
seven before focal time relative to those given vaccine within one year of focal time. In this
model, statistically significant coefficients for B , through 18 ;7 indicate that the vaccine’s
effectiveness in the first year after vaccination is significantly different from its effectiveness
in each of the subsequent years. For example, in the study, the coefficient 3 ;= 1.6 and P=0.01.
The odds ratio calculated using Equation 3 was 5.1. Thus we concluded that there was a 5.1
fold increase in the odds of varicella among children two years after vaccination compared
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with the odds of varicella among children one year after vaccination, and the difference in the
effectiveness of the vaccine in years 1 and 2 after vaccination was statistically significant. One
can see that p, from Equation (6) could have also been calculated from the parameters in
Equation (5) as the difference between the beta coefficients for Y1 and Y2, that is, B(5) =
B2(4) - B1(4) =-2.0 - (-3.6) = 1.6. Calculation of its standard error and P-value are slightly more
complicated, and thus fitting the model from Equation (6) is a convenient way of obtaining
this estimate directly. It is important to note here that even though the question of interest is to
compare relative effectiveness of vaccination at different points in time, it is not possible to do
this by excluding unvaccinated children from the analysis. Because this is a matched study,
dropping an unvaccinated case would result in the loss of the controls from that stratum, and
dropping an unvaccinated control would result in the loss of the other two individuals (a case
and a control) from that matched stratum.

Similar models can be designed to compare this effect in any year with the effects in other
years by excluding terms for different years. For example, the model in Equation 7 uses 2 years
after vaccination as the referent group and evaluates whether the vaccine’s effectiveness in
year 1 and in years 3 through 7 were significantly different from its effectiveness in year 2.

log odds (varicella) = a, + 8, (Vaccine) + £,(Y1) + 8,(Y3) + 8,(Y4) + 65(Y5) + £(Y6) + £,(YT) (7

4

Inthis instance, if the coefficients 3 through R; are not statistically significant, then the vaccine
effectiveness in years 3 through 7 is not significantly different from its effectiveness in year
2.

Such analyses allow investigators to identify whether and at what point a vaccine’s
effectiveness begins to wane and/or whether waning effectiveness subsequently stabilizes. The
choice to collapse levels of a categorical variable is often desirable for multiple reasons.
Creating dichotomous measures increases the statistical power of the analysis because the data
are not spread sparsely over many strata, and this also may make it easier to interpret the results.
Furthermore, it simplifies the analysis when interaction terms need to be created. The choice
of which levels to combine (e.g., what cutpoint to use for dichotomizing) may not always be
straightforward. This choice may be done a priori in which a theoretical or practical rationale
is provided, or this may be done post-hoc in which the data themselves suggest a meaningful
cutpoint. This study provides examples of both as described below.

To more efficiently model time since vaccination and to improve interpretability of our final
model, we used a data-driven approach for determining the cutpoint to dichotomize this
variable. We observed that the vaccine’s effectiveness decreased significantly between years
1 and 2 after vaccination, and that this was the only statistically significant decline in
effectiveness through year 7 after vaccination. When Y2 was excluded from the model as in
Equation (7), P-values for Y3 through Y7 were all substantially greater than 0.05, indicating
no statistically significant difference in the vaccine’s effectiveness between year 1 and years
2 through 7. Consequently, years 2 through 7 were grouped together for subsequent analyses
to estimate the effects of time since vaccination. The variable Y2toY7 was created, which was
equal to 1 if the subject was vaccinated 2 through 7 years before focal time and 0 if the subject
either was vaccinated 1 year before focal time or was unvaccinated. Therefore, the following
model was developed to produce the summary estimates:

log odds (varicella) = a, + B (vaccine) + [)’E(YZ‘toY?) (8)

B is interpreted as the effect of vaccine during the first year after vaccination relative to
unvaccinated children (the effect of the vaccine when Y2toY7= 0) and B, is interpreted as the
change in the effect of vaccine after 1 year (when Y2toY7= 1) compared with the effect of
vaccine within the first year.
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Effect of Age at the Time of Vaccination on the Vaccine’s Effectiveness

The above analyses describe the main effects of vaccination and of time since vaccination on
the effectiveness of the vaccine. However, investigators may also be interested in the effects
of other variables, and the effects of interactions also should be considered when appropriate.
We were interested in the effect of age at the time of vaccination because we hypothesized that
the vaccine may have diminished effectiveness if administered at <15 months of age because
such effects have been observed with other live-attenuated vaccines, such as measles vaccine,
which are administered parenterally. To assess this possibility, a new variable, age, was created.
Age was equal to 1 if the subject had been vaccinated at >15 months of age, and 0 if the subject
either had been vaccinated at less than 15 months of age or was unvaccinated. In this case, the
choice of dichotomizing at age <15 months was made a priori and was based on both practical
issues and the results of previous research. Children typically have 15-month well baby visits,
and other vaccines are also recommended at this time. Therefore, this time point is inherently
of interest because if important differences were found, clinically relevant recommendations
could be made. Furthermore, recent reports of outbreaks of varicella in which young age at the
time of vaccination was assessed as a potential risk factor for vaccine failure have not used a
consistent cutpoint for younger age at vaccination (range <14 to <18 months [9-12]); our choice
is consistent with and in the middle of the range of ages used by others.

The final model, shown in Equation (9), also evaluated interactions between time since
vaccination and age at vaccination:

log odds (case) = a;+ B (vaccine) + BZ(YZtoYY) + BS(age) + 54(Y2t0Y7*age) 9

In this model, if the 4 parameter is statistically significant, it suggests that the waning effect
after one year is different between the two different categories of age at vaccination, and the
analyses should be stratified by age at vaccination (and/or by time since vaccination). In our
study, the coefficient B4 was significantly different from zero (P=.02), so it was concluded that
there was a significant interaction between age at vaccination and time since vaccination.
Therefore, the effect of age at vaccination should be interpreted with respect to time since
vaccination and the effect of time since vaccination should be interpreted with respect to age
at vaccination. This model allows for the calculation of the vaccine’s effectiveness over time
separately for the two age groups, including estimates of the parameters for the 4 groups
determined by all possible covariate patterns (vaccinated at <15 months of age and within 1
year of focal time, vaccinated at <15 months of age and within 2-7 years of focal time,
vaccinated at >15 months of age and within 1 year of focal time, and vaccinated >15 months
of age and within 2-7 years of focal time) compared with unvaccinated subjects. For example,
output for the model in (9) produced the following estimates: 3,=-1.3, 3= -0.3, R3=-3.3,
R4=3.1. The B, parameter represents the vaccine’s effectiveness for the first year after
vaccination among those vaccinated at <15 months of age (the effect when time = 0 and age
= 0). The B, parameter represents the effect of time among those vaccinated at <15 months of
age and the 3 parameter represents the effect of age at vaccination among those vaccinated
less than 1 year earlier. Therefore, the vaccine’s effectiveness for the first year after vaccination
among those vaccinated at <15 months of age was 73%, calculated as 1-exp(-1.3)*100
according to the formulas presented in Table 1. The vaccine’s effectiveness for the first year
after vaccination among those vaccinated at >15 months of age was 99%, calculated as 1-exp
(-1.3+-3.3)*100. Thus, the B3 parameter represents the difference in the vaccine’s effectiveness
for the first year after vaccination for those vaccinated <15 months of age compared to those
vaccinated at > 15 months of age, and the P-value for this parameter can be used to assess this
difference, 73% vs. 99%. Similar methodology can be used to compare the vaccine’s
effectiveness between any two of the four groups defined by age at vaccination and time since
vaccination.
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It should also be noted that another way to parameterize this model without using terms for
main effects and their interactions would be to use an indicator variable for each of the four
subgroups previously defined with the referent group being the unvaccinated subjects. This
model would produce the same results, and it is straightforward to code the terms and interpret
the results for dichotomous variables.

Discussion

Case-control studies are a statistically powerful method of assessing a vaccine’s effectiveness
as it is used in the field. As more new vaccines are approved for use, it is likely that such post-
licensure studies will be of increasing importance to assess the performance of vaccines. Risk
set sampling and use of conditional logistic regression models similar to those described above
will allow investigators to assess the effects of a wide range of clinically important variables,
such as time since vaccination and age at the time of vaccination, on the effectiveness of the
vaccine.
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