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Study Designs for Dependent Happenings

Cad. Saúde Públ., Rio de Janeiro, 10 (supl. 2): 310-326, 1994 319

Malaria Vaccine

define four study designs based on different

pairs of comparison populations and the type

of effect they are intended to evaluate

(Struchiner et al., 1990; Halloran &

Struchiner, 1991). One assumes a population

A in which an intervention program takes

place, and a population B, identical but

separate from A in all aspects relevant to the

transmission dynamics, in which no

intervention takes place. Data on baseline

transmission collected prior to the

intervention could play the role of

population B. In study design I, one

intends to estimate direct effects. Vaccinated

and unvaccinated are assumed to be

subjected to the same exposure to infection

since they are exposed to the same population

of mosquitos, however, the actual level of

exposure to infection might be known or not.

In study design IIa, the nonvaccinated in

population A is compared to the

nonvaccinated in population B. This design

estimates the indirect effects caused by

changes in level of transmission due to

vaccination. Study design IIb estimates both

effects, direct and indirect, simultaneously.

Design III takes the perspective of the

population comparing overall rates in the

vaccinated population A to unvaccinated

population B. Each study design interprets in

a different way the answer to the principle of

exchangeability.

FIGURE 3. Study Designs for the Evaluation of the Different Effects of a Vaccine

POPULATION A POPULATION B

DESIGN III

DESIGN IIa

DESIGN IIb

DESIGN I

overall

indirect

direct + indirect

direct

Vac Nonvac Nonvac

Figure: Halloran and Struchiner (1991)
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Population-level Vaccine Effectiveness

� Indirect effects, VEIIa

� effects of widespread vaccination on someone who is not
vaccinated

� Total Effects, VEIIb

� possibly synergistic effect of being vaccinated and widespread
vaccination on someone who is vaccinated

� Overall effects, VEIII

� overall population effect, say, reduction in incidence, (change
of average of of first infection, R0) of widespread vaccination.
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Table: Parameters used for measuring various effects of vaccination∗

Comparison groups and effect

Level Parameter Susceptibility Infectiousness Combined change in
choice susceptibility and

infectiousness
Conditional on
exposure:

I Transmission VES,p† = 1− p·1
p·1

VEI,p = 1− p1·
p0·

VET,p = 1− p11
p00

probability
Study design

I IIA IIB III
direct indirect total overall

Unconditional:

II Incidence VES,IR = 1− IRA1
IRA0

VEIIA,IR = 1− IRA0
IRB0

VEIIB,IR = 1− IRA1
IRB0

VEIII,IR = 1− IRA·
IRB·

or hazard

rate, IR, λ VES,λ = 1− λA1
λA0

VEIIA,λ = 1− λA0
λB0

VEIIB,λ = 1− λA1
λB0

VEIII,λ = 1− λA·
λB·

III Proport. VES,PH = 1− eβ1 NA NA NA
hazards, PH

IV Cumulative VES,CI = 1− CIA1
CIA0

VEIIA,CI = 1− CIA0
CIB0

VEIIB,CI = 1− CIA1
CIB0

VEIII,CI = 1− CIA·
CIB·

incidence

∗ From Halloran, Struchiner, Longini, Am. J. Epidemiol 1997; 146;789–803.
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Cluster-, group, community randomized studies

� intervention, or intervention strategy is randomized to groups
of individuals.

� often conducted because it is not feasible to allocate the
intervention individually, even though the effects on the
individuals are of interest.

� Vaccination studies sometimes use a group-randomized design
even when the direct protective effects are of interest because
of practical or ethical consideration: polio trials.

� in household-based studies of vaccination where the parents or
other household members might be unwilling to do a
discordant, individual randomization.
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Two levels of allocation

� Vaccination strategy or program at population level

� Individual allocation of vaccine within target population

� Both, either, or neither might be randomized
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Definitions: potential outcomes

� The direct effect of vaccination in an individual is the
difference between the outcome in the individual receiving the
vaccine and what the outcome would have been if the
individual had not been vaccinated, all other things being
equal.

� The indirect effect of a vaccination program or strategy on an
individual is the difference between what the outcome is in the
individual not being vaccinated in a community with the
vaccination program and what the outcome would have been
in the individual, again not begin vaccinated, but in a
comparable community with no vaccination program.
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Definitions: potential outcomes

� The combined total effect in an individual of being vaccinated
and the vaccination program in the community is the
difference between the outcome in the individual being
vaccinated in a community with the vaccination program and
what the outcome would be if the individual were not
vaccinated and the community did not have the vaccination
program.

� The overall effect of a vaccination program is the difference in
the outcome in an average individual in a community with the
vaccination program compared to an average individual in a
comparable population with no vaccination program.
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Group-randomized studies

� Several populations needed for inference

� Should be comparable for characteristics related to
transmission, covariates −→ matching

� Effects of intervention possibly poorly defined: defined within
� context of a particular intervention program
� depends on level of coverage, distribution of vaccine, mixing

patterns
� Halloran and Struchiner (1995); Hudgens and Halloran (2008)

� subpopulations can also be compared



Outline Population Effects Group-Randomized Studies Power and Sample Siize Analysis

    III
Overall

1000 People

160 Cases

700 Vaccinated

70 Cases

300 Unvaccinated

90 Cases

1000 People

850 Cases

700 Unvaccinated*

595 Cases

300 Unvaccinated

255 Cases

    I
direct

    IIa
indirect

 IIb
total

Population A
70% vaccinated

Population B
no vaccine

Figure: Comparison of two populations.
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Simple Example, cont’d

� Direct effect: CI(A,unvac) − CI(A,vac)
= 90/300− 70/700 = 0.30− 0.10 = 0.20

� Indirect effect: CI(B,unvac) − CI(A,unvac)
= 850/1000− 90/300 or
= 225/300− 90/300 = 0.85− 0.30 = 0.55

� Total effect: CI(B,unvac) − CI(A,vac)
= 850/1000− 70/700 = 0.85− 0.10 = 0.75

� Overall effect: CI(B) − CI(A)
= 850/1000− 160/1000 = 0.85− 0.16 = 0.69

� Direct + Indirect = Total

� Overall essentially weighted average of pop B.
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Different units to distinguish

� Unit of assignment: could be the unit that is assigned the
allocation strategy, say a community is randomized to receive
the vaccination strategy of interest, and another is assigned to
receive a control vaccination strategy. With vaccines,
additional unit of assignment is individual.

� Unit of intervention: health clinics, physician’s practices, or
nurse practitioner’s office within a school.

� Unit of observation: cases is generally the individual;
covariates individual or community

� Unit of analysis: assessed against the variation among those
units.
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Table: Design considerations in group-randomized studies to estimate
indirect, total, or overall effects of vaccination strategies

Design consideration

Primary and secondary questions of interest

Vaccine and vaccination strategy, active control?

Clinical endpoints

Study population and subpopulations

Sources of transmission

Case ascertainment

Choice of randomization unit at the group level

Allocation mechanism at the individual level:

−→ randomization or observational
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Table: Community-randomized designs and randomization schemes

Design Randomization scheme Covariate constraints

Parallel Completely randomized Unconstrained
Stepped wedge Stratified Constrained
Cross-over Matched-pairs
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Figure: Example of a stepped wedge design (from Moulton et al 2007)
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Parallel Pneumoccocal Vaccine Study

� Moulton et al (2001) designed a group-randomized,
double-masked phase III trial of a seven-valent Streptococcus
pneumoniae conjugate vaccine (PCV7) in American Indian
populations in the U.S.

� Active control: a conjugate meningococcal group C vaccine
(MnCC vaccine)

� Goal: evaluate the total effects of vaccination as well as the
indirect effects, and at the same time to serve as a pivotal
vaccine study.

� Goal: vaccinate as many children under 2 years of age as
possible.
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Group-Randomized Vaccine Trial

 

441

 

immunization (i.e., the benefit that accrues to the individual as a function of be-
coming protected against challenge by an infectious agent). In such a design,
individuals in both arms of the trial are assumed to be mixing independently
with each other in the community. Our group-randomized study design is de-
picted in Figure 1. “Units” are geographically distinct areas to which either
study or control vaccine is randomized. Eligible, consenting individuals within
any unit are all administered study or control vaccine, depending on the treat-
ment arm to which their unit was allocated. Many factors may determine
which individuals within a given unit decide to participate in the trial. Some of
these factors may be related to risk of disease (or more accurately, risk of be-
coming diagnosed as a case), including socioeconomic status, distance to the
nearest health facility, number of siblings, and day-care utilization. Thus, in
our trial, comparison of attack rates between study participants (vaccinated)
and nonstudy participants (unvaccinated) within 7VPnC vaccine units, which
estimates direct effects, may result in a substantially biased estimate of vaccine
efficacy. For example, if nonstudy participants have a much higher underlying
risk of disease, then the efficacy of the vaccine will be biased upward.

Comparing the disease incidence among study participants in the vaccine
units with study participants in the control units yields an estimate of the total
effect of immunization. It includes both direct and indirect effects of the immu-
nization program. We expect that immunizing the majority of infants and tod-
dlers in the vaccine units will reduce the secondary attack rate through
reduction of the number of infected individuals and of the number of those
who carry 

 

S. pneumoniae

 

 in the nasopharynx. The result would be a synergistic
effect, commonly referred to as the effect of herd immunity [20]. The sum of all
the benefits to the participants is referred to as the total effect. The overall effect
of immunization is estimated by comparing attack rates among all residents of
the vaccine units with all residents of the control units, recognizing that only
some fraction of the residents in each type of community actually received
study or control vaccine. Because the overall effect is so dependent on the at-
tained coverage (proportion enrolled), it is perhaps less generalizable than the
other effect measures. However, it will permit some extrapolation to other
populations with similar expected coverage levels. For example, if two thirds

Figure 1 Schematic of trial study hypotheses according to the nomenclature of Hallo-
ran et al. [19]. Participants in each vaccine unit receive 7VPnC vaccine, while
those in each control unit receive MnCC vaccine.

Figure: Schematic of the questions of interest in the pneumococcal
vaccine trial in Native Americans. Participants in each vaccine unit
receive PCV7 vaccine, and those in each control unit receive MnCC
vaccine (from Moulton et al 2001).
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Study

� 4,164 infants enrolled in the PCV7 communities and 3,926 in
the MnCC communities between April 1997 and December
1999.

� 38 geographically defined randomization groups in
consultation with the representatives with the Navajo Nation,
and others to minimize mixing among the social and
geographic units.

� Trial was designed to continue until 48 cases of invasive
pneumococcal disease due to vaccine serotypes had
accumulated.

� Discontinued due to licensing of vaccine: only 9 cases had
accrued
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Stepped wedge design

� Can be used when a parallel design is unfeasible either for
practical or for ethical reasons.

� By the end of a trial using a stepped wedge design, all
randomization units will have received the vaccination

� the time of the introduction of the vaccine intervention to
each cluster is randomized

� Also referred to as phased implementation strategy.
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Hepatitis B vaccine study in the Gambia

� Gambia Hepatitis Study Group (1987)

� Goal: to evaluate the effect of infant vaccination on
preventing chronic liver disease and liver cancer later in life.

� 30 year followup planned

� Because at that time, four injections were required for full
immunization, and the vaccine was to be administered along
with the routine EPI vaccines, it was considered logistically
unfeasible to do an individually randomized trial, as well as
potentially ethically questionable.
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Hepatitis B vaccine in The Gambia

� 7 EPI vaccination teams each assigned a portion of 104
delivery points that were visited at least once every two weeks.

� The study plan randomized one of the teams every 10 to 12
weeks to introduce the hepatitis B vaccine to the EPI
schedule by vaccinating all newborns who reported to the
vaccination points served by the team.

� This was to continue for a period of about four years, when all
teams would be giving the vaccine, so that country-wide
coverage would be achieved

� Followup planned
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Figure: Stepped wedge design in the Gambia (from the Gambia Hepatitis
Study Group 1987)
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Covariate-constrained Randomization

� In the constrained, or restricted randomization, certain
balancing criteria are determined before randomization that
still retain validity of the design.

� Then the final randomization scheme is randomly chosen from
among those that both satisfy the constraining criteria and
are still valid.

� A completely randomized design is valid if each pair of
randomization units has the same probability of being
allocated the same treatment.
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Constraints

� For continous covariates such as incidence rates, choose some
measure based on the standard deviation or absolute mean
difference.

� For dichotomous covariates, ± some percentage points might
be appropriate.

� For example, suppose there was a difference in the incidence of
disease between the north and south regions of the study area.

� Then one would not want all of the intervention sites in the
north and control sites in the south.

� One could assign a 0,1 dummy variable for north and south
and require that the difference between the intervention and
control values be less than 10%.
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Constraints

� Other important aspects, such as sources of water, proportion
of the population with a certain educational level, health
clinics, or roads within geographic areas can also be balanced
within some specified range.

� Composite scores or more than one covariate can be used for
defining the constraints that need to be satisfied.

� The constraining criteria can vary among the covariates.
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Identify all possible allocations

� Form a list of all the possible allocations.

� For a design completely randomized at the group level, there
will be

(2N
N

)
entries, where 2N is the total number of groups.

� For a pair-matched design, there will be 2N entries, where N
is the number of pairs.

� Making a pass through all of these entries, select those
allocations that meet the specified criteria.
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Check allocations for validity

� For example, some pairs of groups may always be in the same
arm of the study, while others may never be in the same arm.

� To check the allocations, make a matrix whose elements are
the number of times, from among those allocations satisifying
the constraints, each pair is together.

� Examine the list for signs of over- or underrepresented pairs.

� If the allocations seem overly constrained, then relax one or
more of the constraining criteria.

� Repeat until the allowable allocations seem appropriate.

� Then randomly select one of the allowable allocations.

� One can construct the matrix from a large number of
acceptable designs, and choose one of them (SAS).
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Table: Baseline average annual dengue incidence rate (percent) over the
past three years in each of four communities to be included in the dengue
vaccine trial. The balance of the randomization is measured by the mean
difference in average annual incidence between the communities to receive
vaccine and the control communities (adapted from Moulton (2004)).

Communities

Allocation Vaccine Control Mean difference

A 3 5 11 13 −8
B 3 11 5 13 −2
C 3 13 5 11 0
D 5 11 3 13 0
E 5 13 3 11 2
F 11 13 3 5 8
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Constraints in Stepped Wedge Design

� For example, it would be undesirable for all of the
low-incidence communities to be randomized to introduce the
vaccination strategy early in the stepped wedge study.

� One might want to aim for a balance on group-time spent in
the control and vaccination program status with respect to
the group-level covariates of interest..

� General idea: for each possible sequence of introduction of the
vaccination strategies, the constraints are checked to see
whether they are satisfied.

� If the number of groups is too large to enumerate all possible
sequences, sequences are sampled randomly from all possible
ones by random permutations of the group labels.
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Ad hoc approach (Moulton et al 2007)

� For each jth covariate of the ith group, i = 1, . . . ,N, xij , and
for a given time of entry ti of group i into the vaccination
strategy, t = 1, . . . ,T , let cj be a proportional
covariate-specific tolerance.

� The constraint can be expressed as

1

1 + cj
<

∑N
i=1,ti 6=T (T − 1− (ti − 1))xij∑N

i=1,ti 6=T (ti − 1)xij

< (1 + cj).

� Then the sum of the covariate values weighted by the number
of time units in the vaccine intervention must be within
cj × 100% of that for the control status.
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General Considerations

� The sample size calculation needs to take into account that
randomization is by group rather than by individual.

� In general, group-randomized designs are less efficient than
individually randomized studies due to the related factors of
intra-group correlation and intergroup variability.

� That is, the more similar the individuals within each group are
to each other and the more different the groups are from one
another, the greater the group design effect on sample size
will be.

� For a given sample size, a stepped wedge design will generally
be less efficient than a parallel design.
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Two measures used

� The coefficient of variation k : standard deviation divided by
the mean of the incidence rate, or other outcome measure of
interest such as proportions (attack rates) or mean of a
continuous variable in the groups in the study.

� The design effect D, or variance inflation factor, σ. For trials
with equal numbers of individuals in each community,

D = σ = 1 + (n − 1)ρ,

where n is the number of individuals per community, ρ is the
intra-cluster correlation coefficient.

� D: factor by which the sample size needs to be increased
above that required for an individually randomized trial to
make up for randomization by cluster.
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Analyzing Group-randomized Studies

� Key issue in analyzing group-randomized studies is to account
for the clustering or group-randomization

� Two general approaches to analysis that account for potential
within-cluster correlation:

1. reduce the data for each cluster to a single observation and
perform a standard two-sample analysis.

2. do the analysis at the individual level but account for
correlation somehow.

� Bootstrap, GEE, random effects....
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Stepped wedge design

� Secular trends could be an issue

� Moulton et al (2006): the analysis is carried out by
maximizing a partial likelihood function similar to a Cox
proportional hazards model, then accounting for clustering
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Pneumococcal vaccine study

� Estimating indirect effects: a non-homogeneous Poisson
process in time and space (Moulton et al 2006).

� Let λit be the rate of disease among the individuals of interest
in randomization unit i on day t. Let nit be the person-days
of exposure in the ith group on day t, αt be the effect of the
tth day, and γ be the log rate ratio comparing those in the
vaccine intervention communities (zi = 1) to those in the
control unit (zi = 0).

� A simple model for λit is given by

λit = nit exp(αt + γzi ).

� The parameter αt is a nuisance parameter that captures any
secular trends specific to day t, such as seasonal or weekend
effects.
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Allow for different levels of coverage

� . Let Mnc25−49
it be one for the ith unit on the tth day if it is a

community randomized to MnCC vaccine, and if 25–49% of
the children under age 2 on that day have received at least
one immunization, otherwise it is zero.

λit = nit exp(αt + β1Mnc25−49
it + β2Mnc50+

it

+β3Pnc0−24
it + β4Pnc25−49

it + β5Pnc50+
it )

� One can compare across treatment arms within coverage
levels. For example, if the difference β4 − β1 is negative, then
it suggests presence of indirect effects at that level of
coverage 25–49%.

� The rate ratio comparing the two treatment arms at above
50% coverage is given by exp(β5 − β2).
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Eliminate nuisance parameter αt

� Let T be the number of days in the study.

� Let δt be one if there is a case on the tth day and zero
otherwise.

� Define R(t) as the set of indices of those units at risk on day
t. Let xjt be the row vector of dummy variables for the jth
unit on day t, with j = i representing the community with a
case on that day.

� The conditional likelihood function is

t=T∏
t=1

nit exp(xitβ)/
∑

j∈R(t)

njt exp(xjtβ)

δt .
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Table: The reference category are units that received MnCC vaccine
which on a given day had less than 25% of children enrolled in the study.
The CMLEs are the log rate ratios comparing incidence in non-enrolled
childrein in the given category in the reference category (from Moulton et
al (2006)).

Dummy variable Bootstrap
(arm/ Robust Bootstrap percentile
% coverage) CMLE SE SE Robust CI interval

MnCC 0–24% 0
MnCC 25–49% 1.18 0.51 0.62 0.18, 2.17 0.12, 2.74
MnCC 50+% 1.93 0.66 0.81 0.64, 3.23 0.46, 4.25
PCV7 0–24% 1.09 0.49 0.60 0.14, 2.04 −0.07, 2.58
PCV7 25–49% 0.98 0.62 0.75 −0.24, 2.19 −1.05, 2.59
PCV7 50+% 1.96 0.71 0.85 0.56, 3.37 0.68, 4.37
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Thank You!
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