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Statistical design of THRio: a phased
implementation clinic-randomized study of a
tuberculosis preventive therapy intervention

Lawrence H Moultona, Jonathan E Golubb, Betina Durovnic,d, Solange C Cavalcantec,e,
Antonio G Pachecoc,f, Valeria Saracenic, Bonnie Kingb and Richard E Chaissonb

Background Tuberculosis (TB) is a major public health problem in Rio de Janeiro,
where a high proportion of HIV-infected adults are co-infected with latent TB.
Health officials in Brazil have recommended that HIV patients be tested for TB infec-
tion and given TB prophylaxis (isoniazid) if positive. In practice, although Brazil is a
model for provision of antiretroviral therapy to patients with advanced HIV disease,
relatively few such patients receive TB testing and prevention services.
Purpose We initiated a randomized study of a health services intervention to train
health personnel in implementation of the recommended routine of TB testing and
isoniazid prophylaxis. The primary goal is to reduce incident TB disease in the HIV
clinic population.
Methods The clinic-level intervention will be phased in gradually over the study
period until all clinics have received the intervention. The clinics’ order of initiation
of intervention was randomized and subjected to constraints based on clinic-level
covariates. This phased intervention cluster-randomized trial required special atten-
tion to power/sample size calculation and randomization procedures, of which we
provide the relevant details.
Results Special design considerations accounted for within-clinic correlation,
variation in the clinic size, time-varying ratio of intervention to control clinics
and guaranteed post-randomization covariate balance. These were successfully
implemented for the estimation of power and execution of the randomization
strategy.
Limitations Although the design features of randomization by clinic and phased
implementation of the intervention meet logistic and local needs, they substantially
lower the statistical power of the study.
Conclusions Studies with cluster-randomized order of intervention introduction
can provide useful information on intervention effects. Their design and analysis 
are more complicated than for individually randomized parallel design 
trials. The methods we describe represent practical approaches to the challenges
raised in the course of designing this study. Clinical Trials 2007; 4: 190–199. 
http://ctj.sagepub.com
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Introduction

Cluster-randomized phased implementation
studies

Field trials of interventions may be randomized at
the level of the individual participant or by clusters
of participants. Reasons for randomizing at the
cluster, or group, level include (1) the desire to
capture indirect or synergistic effects of the interven-
tion and (2) logistical exigencies or nature of the
intervention. In this communication, we describe a
study in which the latter considerations led to a
series of clinic populations being randomized.
Owing to logistical and ethical considerations, it was
the timing of intervention in each clinic that was
randomized, with the result that each clinic spends
time in both control and intervention status. The
cluster-randomized and phased implementation fea-
tures of this study required special attention, and we
focus on these more novel aspects of the study.

The term ‘stepped wedge’ has been used for two
decades to designate studies in which one geo-
graphic region receives an intervention after
another until the entire study area has received the
intervention [1]. The design, however, has been
increasing in popularity, according to a recent
review [2]. The term refers to the typical graphic
representation as given in Figure 1, which resem-
bles a series of steps resulting in a wedge shape. We
use the term synonymously with ‘phased imple-
mentation.’ Although such studies often are not
randomized as to order of entry, randomization
provides a convenient way to assign the timing of
intervention so as to avoid the bias related to the
imbalance in group-level covariates. For example, if
in a study of pneumococcal vaccine, areas received
the vaccine in an East-to-West fashion while there
was an East-to-West spread of the disease, the effec-
tiveness of the vaccine would appear diminished.

Study background and rationale

The overall goal of the THRio (TB/HIV in Rio de
Janeiro) study is to determine whether the routine
detection and treatment of latent TB in HIV-
infected patients receiving clinical care, including
antiretrovirals, in HIV clinics in Rio de Janeiro,
Brazil, will reduce TB incidence in the population
receiving HIV care. The intervention consists of
training and implementation of a comprehensive
policy of screening for and treating latent TB with
isoniazid (INH) in all HIV-infected patients. Despite
the recommendations that such treatment be
offered, it is rarely given in clinical practice. Because
TB preventive therapy for co-infected patients is
already a policy adopted by health officials in
Brazil, the phased implementation study design is

preferred – by the end of the study, all clinics will
have received the intervention, when compared
with a parallel design trial that would deny half the
clinics a recommended intervention for the duration
of the study. With the phased-in design, delays in
receiving the intervention are due primarily to the
limitations related to training. Phased implementa-
tion is a realistic and pragmatic method to effectively
train all clinic personnel in the skills required to
appropriately test and treat these patients.

Current global policy for HIV care emphasizes
antiretroviral therapy (ART) as the principal inter-
vention to control opportunistic diseases, including
TB. If isoniazid preventive therapy (IPT) is shown to
significantly reduce TB incidence beyond what is
accomplished with ART, this would lead to adop-
tion of IPT in World Health Organization TB
control and HIV treatment guidelines and would
result in reduced TB incidence in other high inci-
dence settings. Because this research is being con-
ducted in Brazil, the most influential and respected
developing country with respect to national
HIV/AIDS policies, the results could have enormous
international impact.

Primary objectives

The two main objectives of the study relate to TB
incidence in the HIV clinic population. The first
will compare the incidence of active TB in those
clinics that have received training and implementa-
tion of the IPT policy with those that have not. The
second is to assess the comparative impact of IPT
and antiretrovirals on TB incidence.

We hypothesize that the intervention will result
in a decrease in TB incidence in HIV patients
enrolled at the targeted clinics. The evaluation of
TB incidence reduction associated with treatment
will be conducted by comparing the number of
cases of TB by person time of follow-up in clinics
with and without the intervention. All cases will be
used in the primary analysis, constituting an
intent-to-treat approach.

Clinic populations and intervention

Clinics

Brazil provides combination ART free of charge to
all patients who meet clinical criteria and maintains
an extensive clinic and laboratory system for the
appropriate prescription and monitoring of
therapy. Currently, highly active ART (HAART) is
available to any HIV-infected patient with CD4�
lymphocyte counts �350 mm�3. Although HAART
is prescribed universally for those patients with
counts of �200 mm�3, clinical judgment may vary
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when considering HAART for those with counts
between 200 and 350 [3]. HAART is available
through 51 clinics in Rio de Janeiro, 29 of which are
under the administrative control of the City Health
Department. It is these 29 clinics in which the
intervention is taking place. They are among the
largest clinics in Rio, representing 57% of all HIV
patients seen in the city. The number of HIV
patients seen per clinic ranges from as few as 50 to
as many as 1500. These clinics are municipality-
controlled facilities and are not freestanding clinics,
but part of primary health centers catering to a
variety of health needs. TB services are provided at
each center. The study population will be com-
prised of HIV-infected adults (age �15 years) who
are followed at any of the 29 municipal HIV clinics
in Rio de Janeiro at any time during the study.

Intervention

Every two months, over the course of 29 months, the
HIV and TB staff at two clinics will be trained, with

separate sessions for clinicians, nurses and support
staff. The study will be described in detail, focusing
on the timeline of events and the importance of
adhering to the TB protocols. Materials covered in
the training sessions will include the rationale for
the policy, pathogenesis of TB, diagnosis of latent
and active TB, TB preventive therapy and monitor-
ing of patients receiving INH. Instructions for docu-
menting tuberculin skin tests (TSTs) and IPT using
TB-preventive therapy flow sheets and log books will
be given to nurses and physicians.

HIV and TB staff at each clinic will be trained
regarding the current policy of TSTs and IPT for
HIV-infected patients. Current policy states that all
HIV-positive patients should receive a TST at their
initial evaluation independent of their clinical pres-
entation or laboratory values (CD4 count and viral
load) and that it should be repeated annually in
non-reactors, unless they have a documented
positive TST, have received IPT or have completed
treatment for active TB. Patients with a positive TST
(�5 mm induration) are eligible to receive IPT.
Additionally, patients with no history of prior TB

192 LH Moulton et al.
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Figure 1 Clinics 1 and 2 entered the intervention period in first month of the trial (September 2005). Clinics 3 and 4 entered
the intervention period in month 3. Two clinics will continue to be phased-in to the intervention period every two months
through January 2008. Prior to starting the intervention, all events and person time accumulating within a clinic will be attrib-
uted to the control arm of the study ( ). Once a clinic begins the intervention, all events and person time will be attrib-
uted to the intervention arm of the study ( ). After 29 months (January 2008), all clinics will have begun the intervention.
Follow-up will continue through month 42
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treatment, but with a scar on a chest radiograph,
should receive IPT regardless of TST results, once
active TB is ruled out.

Training emphasizes the importance of INH as pre-
ventive therapy for TB, appropriate dosing, potential
interactions with other medications, adverse reac-
tions and strategies for increasing adherence among
patients. After the initial training sessions, refresher
sessions are conducted in the clinics on an annual
basis. Process measures will be monitored to assure
that the procedures are being followed.

Data collection

Study outcomes will be captured through regular
extraction of information from individual patient
records at each clinic. A team of data extractors has
been trained in the completion of a set of forms
designed to capture all the relevant information.
Following initial visits to all study clinics, which
will occur in the first six to nine months from the
time the first clinic enter the intervention
(September 2005), data abstractors will visit the
study clinics on a regular schedule (about every six
months). They will review patient charts for study
outcomes and complete the forms, which will
collect data on: new patient registration, antiretro-
virals, TSTs, CD4, viral load and TB laboratory
results (sputum smear and culture), prescription of
TB treatment drugs and IPT data. Only charts that
have been identified by the clinics as being those in
their HIV-infected patient cohorts are reviewed by
study abstractors. Charts never leave the clinics and
are reviewed on site in secure rooms by the data
abstractors, with a small percentage re-abstracted by
supervisors for quality control.

All patient time, and hence all TB events, that
occur in all clinics starting from 1 September, 2005
through 31 December, 2007 will be used in the main
analysis. For the main analysis, theoretically we
could wait until January 2008 and then perform a
full chart review, extracting all information entered
into the charts over this 28-month period. However,
to spread out the work and to keep track of the study
progress, the system of reviewing charts every six
months or so has been instituted. After intervention
has occurred in all 29 clinics, follow-up will con-
tinue for another 12 months to check whether TB
incidence reduction is maintained. A final round of
chart review will take place in all clinics starting 42
months after study initiation.

Analysis strategy

Standard cluster-randomized trials need to perform
analyses that account for potential within-cluster

correlation [4,5]. Data from such trials may be
analysed either by reduction of data for each
cluster to a single observation, and then carrying
out standard two-sample analyses, or by carrying
out the analysis on the individual level but
accounting for correlation, say by fitting random
effects models or through generalized estimating
equations [6,7]. The same need to handle correla-
tion is true for stepped wedge trials, but there is an
additional complication – each randomization unit
spends time in both control and intervention con-
ditions. Technically, this kind of study can be
viewed as a special case of a one-way crossover
design and could be analysed as such [8]. Our
Brazilian study, however, will take place over two
and a half years, during which time there could be
significant secular trends in the incidence of TB,
thereby confounding the treatment effect. One
could obtain an idea of the degree of secular trend
by examining the rate changes for those clusters
(clinics for the Rio study) and months when the
treatment status is the same, and then adjusting for
the estimated trend. In the absence of a smooth
trend, however, this will be difficult and problem-
atic for interpretation of the study results. As an
alternative, we have decided to analyse the study
by comparing the outcomes at any point in time
across all study clinics, then combining the results
over time while accounting for within-clinic corre-
lation. This approach will adjust completely for
secular changes of any kind. Specifically, we will
condition on each day of the study, and compare
the TB incidence in those clinics that have not yet
received the intervention with those in the clinics
that have. The analysis will be conducted by maxi-
mizing a partial likelihood function that is mathe-
matically equivalent to that of a Cox proportional
hazards regression model. Correlation will be
handled by standard methods, either by bootstrap-
ping entire clinic histories or by calculating robust
variance matrices [9,10].

It is possible that the full effect of the
intervention will not be felt immediately, but expe-
rience a slight lag during initial implementation in
clinics, and/or be spread out over the interval of
time it takes patients to make their first post-
intervention visit. One way this can be handled is
by using an intervention covariate that does not go
from 0 to 1 at the time of clinic entry into the
intervention phase, but is given fractional values,
reaching 1 after six months, say [11]; this
would also incorporate data from the follow-up
time after 28 months. Alternatively, we could
focus the analysis on individuals, performing an
as-treated (as opposed to intent-to-treat)
analysis, entering them at their first visit and
tracking their study intervention status and TB
experience.
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Power analysis

The estimation of power for this study required
three main steps. First, we used pilot data to esti-
mate the degree of inter-clinic variability. Second,
we estimated the design effect due to the stepped
wedge aspect of the design. Third, we calculated
power according to a formula for a parallel design
cluster-randomized trial as a function of the coeffi-
cient of variation (CV � standard deviation/mean)
of clinic rates of TB incidence calculated in the first
step. In this calculation, however, we incorporated
adjustments for the stepped wedge design and the
unequal sizes of the clusters.

Coefficient of variation calculation

A pilot study was conducted with the main goals of
determining the appropriateness of clinic records
for extraction of the requisite data and for estimat-
ing the proportion of patients who would be eligible
to receive the TST and prophylactic INH interven-
tion. It quickly became clear, however, that these
data could also provide an estimate of the inter-
clinic variability of the main outcome. Ten of the
clinics were selected (based on size, rural/urban loca-
tion and convenience), and within each, 24 patient
records were randomly selected and extracted, for a
total of 240 (about 2% of the active HIV population
in these clinics). With an estimated eligibility of
25%, and a design effect (unknown) of 2, this would
give a width of ~15 percentage points of a 95% con-
fidence interval for eligibility. Variability of the TB
outcome was estimated using the formulas of Hayes
and Bennett [12] that estimate the CV of the TB rate
across clinics, accounting for Poisson variability in
the observed data. The empirical variance of clinic
rates, s2, is composed of the within-clinic variability
and the between-clinic variability. Thus, Hayes and
Bennett [12] estimate the between-clinic variance,
�B

2, by s2 � rm�1 �(1/ni), where r is the overall rate
calculated by summing all TB events by all person-
years in the clinics, m the number of clinics and ni
the number of person-years in the ith clinic. The CV
is then estimated by �̂B

2/r. The result was a CV of
0.166; with a mean of 3.6 events/100 person-years,
the standard deviation is thus 0.6. If the distribution
of the true TB rates in the 29 clinics is normal
(Gaussian), then we expect ~95% of the true clinic
incident rates to fall within 1.96 � 0.6 � 1.18 of the
mean 3.6 events/100 person-years or from 2.42 to
4.78/100 person-years.

Stepped wedge design effect

For convenience, we consider the main analysis as
consisting of comparisons of the incidence in clinics

receiving the intervention to incidence in clinics not
yet receiving the intervention at each month in
time, although the conditional likelihood will be
constructed using the exact dates of diagnosis, with
contributions calculated for every day on which at
least one event occurs. The score test statistic for
such a model with one treatment covariate is essen-
tially a log-rank test statistic; thus, we use the log-
rank weighting of the monthly hazard functions to
estimate the effect of the stepped wedge design.
Using the notation of Klein and Moeschberger [13],
let dTi

be the number of incident cases in the ith
month in the intervention clinics and YTi

be the
number of persons at risk in those clinics and di and
Yi be the cases and persons in both treatment and
control clinics in the ith month. Then the log-rank
test statistic is given by:

(1)

Note that the sum is over the first 28 months of the
study, during which time the 28 clinics enter the
intervention status; the last clinic enters at the start
of the last month, and hence for that month, all
clinics are in intervention status and there is no
contribution to the test statistic.

In an Excel spreadsheet, we constructed a hypo-
thetical population of clinics with equal numbers of
patients in each clinic. In one scenario, in each of
28 months, the YTi

were kept constant and equal to
the numbers in the control status, simulating a
time-uniform equal allocation parallel design study.
In each month, the TB incidence rates reflecting a
given effectiveness were applied to the treatment
and control status person-months, yielding
numbers of cases dTi

and di � dTi
in treatment and

control status arms, respectively. The log-rank sta-
tistic in equation (1) was calculated using the result-
ant data, which we denote ZE for equal allocation
ratio throughout the study. In the other scenario,
the YTi

increased every two months, corresponding
to the entry of two clinics into intervention status.
In the first two months, the TB experience of 2
clinics is compared with that of 27; in the third and
fourth months, 4 intervention clinics are compared
with the remaining 25 clinics and so on. This
design is clearly less efficient, except at the mid-
point in time, as there is an unequal allocation
ratio. The corresponding log-rank statistic, called
ZSW for stepped wedge, is always smaller than ZE.
For hypothetical realizations, given the same
sample size, incidence and effectiveness, a stepped
wedge study’s test statistic will fall short of that for
a parallel study by a factor of ZSW/ZE. If a parallel
design study has been sized to achieve 80% power,

Z
d Y d Y

Y Y Y Y

T T i ii

T i T i

i i

i i
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( ) −(
=∑ [ ( )]

( )

/

/ /

1

28

1 )) − −( )=∑ ( ) ( )Y d Y di i ii i/ 1
1

28
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ZE will fall beyond 0.8416 in 80% of these realiza-
tions, but if the same population were placed in a
stepped wedge design, there would only be
	(0.8416 ZSW/ZE) � 0.8 rejection probability. Thus,
to adjust a sample size formula for a parallel design
equal allocation study to account for a stepped
wedge allocation, we need to multiply the standard
normal deviates in the formula by a factor of
ZE/ZSW. One could make the inflation adjustment
using differences (ZE � ZSW), but the ratio ZE/ZSW is
independent of the sample size and nearly inde-
pendent of the baseline TB incidence when low,
and far less sensitive to mis-specification of these
parameters.

We calculated ZE and ZSW under both null and
non-null situations, with effectiveness (percent
reduction in incidence) ranging from 0 to 60%. For
the null situation, 0.1% effectiveness was used to
avoid division by zero, as ZSW becomes zero for 0%.
For our range of study parameters, the ratio of the
two Zs was always just under 1.2. Thus, we took
ZE/ZSW � 1.2, which means when we want to have
80% power, instead of using 0.8416 for the z-score
in a standard power formula, we need to use
0.8416 � 1.2 �1.01. Likewise, for Type I error of
5%, instead of 1.96 we use 2.352. If we want to
calculate a sample size for a stepped wedge clinic-
randomized trial for an actual size of 5% and an
actual power of 80%, we find that we need to do it
with a nominal size of 1.9% and power of 93.8%
when using the usual formula designed for equal
allocation across time. For a sample size formula
with the usual factor (z
/2 � z�)2 in the numerator,
this amounts to multiplying the sample size needed
for an equal allocation by 1.22 � 1.44. This is close
to the limit, as the number of steps increases, of the
stepped wedge design effect of 1.5 in the case of
equal (as opposed to log-rank) weights across time
(R. Hayes, personal communication).

During initial study planning, the idea had been
for one clinic to enter the intervention phase in
each month of the study period. It became clear,
however, that it would be far more practical, in
terms of implementing the training sessions, to
have two clinics begin training at the start of every
other month. This made little difference in the
stepped wedge design effect. If it had made a greater
difference, or if it had not looked like the study
would be able to achieve sufficient power, one
option might have been to extend the study period,
thereby garnering additional person-years and TB
events. For example, if two clinics were entered
every three months instead of every two months,
the effective sample size would increase by 50%, as
there would be 50% more TB events in the addi-
tional time, barring any secular trend. This would
be handled in equation (2) by multiplying the
person-years y in each cluster by 1.5.

Power and effectiveness calculations

We used the formula of Hayes and Bennett [12] for
cluster-randomized trials for the comparison of two
rates in an unmatched design:

(2)

where N is the number of clusters in each study
arm, denoted by C and T for control and treatment,
with rates �, k � CV, and y the number of person-
years of exposure in each cluster. This formula was
modified in two ways: (1) multiplication of the
standard normal deviates by 1.2 to account for
the stepped wedge design and (2) substitution of
the mean person-years of 595 by the harmonic
mean over clusters, which was 346.4. The harmonic
mean was used to account for the substantial vari-
ability in clinic population size [12]. We calculated
results for a range of parameters, fixing N to be 14,
and solving for z�, for �T (given �C) or for k. We were
most concerned with the determination of k, and so
our main results were for scenarios in which k
varied, and we solved for the smallest detectable
effectiveness; these are given in Table 1.

In a situation of relatively scarce resources, one
would want to have at least a 40% reduction as a
result of a system-wide intervention, which may
divert the attention of health professionals from
other activities. We still had to make sure, however,
that an overall reduction of 40% of TB incidence in
the clinics would be feasible as well. For this calcu-
lation, we used eligibility, prophylaxis consent and
baseline rates for each of the four subgroups that
make up the clinic patients: those with positive or
negative TSTs, crossed by whether they are on
HAART or not. Combined with an assumed effec-
tiveness of 90% TB incidence reduction among an
eligible patient who actually takes INH prophylaxis,
we find a combined 42.6% effectiveness would be
possible for the entire clinic population, based
upon the assumptions given in Table 2.

N
z z y k

= +
+ + + +

−
1 2

2 2 2 2( ) [( ) / ( )]

(
/
 � � � � �

� �

C T C T

C T ))2

Table 1 Detectable TB incidence rate in intervention status, and
hence effectiveness, given Type I and Type II errors of 0.05 and
0.20, respectively, sample size and specified CV

CV

Sample size factors 0.15 0.20 0.25

Control, rate/100 person-years 3.65 3.65 3.65
Intervention, rate/100 2.29 2.20 2.10
person-yearsa

Effectiveness (%)b 37 40 42

aDetermined by solving equation (2) for �T.
bEffectiveness � (1 � Intervention rate/control rate) � 100%.
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Summary of steps for power analysis

1. Calculate the coefficient of variation of the true
TB rates in the clinics using pilot data.

2. Estimate the effect of the stepped wedge design
by comparing the log-rank test statistics for
time-uniform equal allocation with time-
varying allocation strategies.

3. Calculate the harmonic mean of the numbers of
patients in each clinic to account for varying
clinic sizes.

4. Incorporate the results of steps 1, 2 and 3 into a
sample size formula for parallel design, equal
cluster size, cluster-randomized trials.

5. Vary the parameter values, solve for power or
detectable reduction in TB incidence.

6. Check to make sure that the detectable 
reduction is feasible, given clinic population
characteristics.

Constrained randomization

We have randomized the sequence of training 
and enhanced TST testing and INH prophylaxis for
the 29 clinics. Every two months, two clinics will
leave the control phase and enter the intervention
phase, with the 29th clinic starting by itself. Thus,
there are

(3)

possible distinct orderings, from which we needed
to select one.

The randomization was conducted using a
highly restricted randomization design [14,15].
With this limited number of randomization units,
selection of one sequence from the 5.4 � 1026 com-
pletely at random would run the risk of obtaining a
sequence that is substantially unbalanced with
respect to one or more potentially important
covariates. Although each clinic spends time in
both experimental conditions, it would be undesir-
able, for example, for all of the largest clinics to
enter the intervention status at the beginning of
the trial, or for all the western-most areas to enter
last and so on. We thought it desirable to achieve
close balance on clinic-months spent in control and
intervention status with respect to the clinic-level
covariates: geographic region, existence of a DOTS
TB program, mean CD4 count of all HIV patients
treated at the clinic, number and proportion of
patients on TB therapy and education.
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The procedure we adopted was to randomly
sample sequences from all possible ones by generat-
ing random permutations of the 29 clinic labels,
each time checking to see if the balance constraints
we set were satisfied. This process resulted in 
identifying 1000 satisfactory sequences, from
which one was selected in a semi-public randomiza-
tion ceremony.

In particular, for each jth covariate of the ith
clinic, xij, for a given entry month ti, t � 1, 3, 5, . . . ,
29, and a given proportional covariate-specific tol-
erance cj, we required that a randomly generated
sequence satisfy:

(4)

This means that the sum of the covariate values
weighted by the number of months in the interven-
tion status must be within cj � 100% of that for
control status. Note that the covariates for the last-
entered clinic in any randomly generated sequence
are ignored; that last month will not be contribut-
ing to differences between intervention and control
clinics, as all clinics will be in the intervention
phase at that point in time. The criterion of equa-
tion (4) is admittedly ad hoc in nature, but was
deemed sufficient for the purposes of the study.
Other approaches, perhaps including transforming
the covariates and balancing on second moments
of time, could be of interest in other situations.

The covariates and their constraints are given in
Table 3. The constraint levels cj were at first all set to
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Table 3 Variables used to constrain the randomization of the
THRio study

cj, constraint Actual discrepancya

Variable tolerance for selected allocation

Dummy variable 0.1 0.03
for a DOTS
program at the 
clinic

Dummy variables 0.2 0.10
for five 0.2 0.04
geographic 0.2 0.10
regions 0.4 0.09

0.4 0.21
Mean CD4 count 0.1 0.08
Number of current 0.1 0.07

patients
Proportion treated 0.1 0.07

for TB
Proportion with 0.1 0.07

less than four
years of education

aAbsolute value of: 1 � weighted covariate ratio, where the
ratio is the middle of equation (4) comparing treatment to
control status.
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0.1, then relaxed through tests of different degrees
of constraint. The goal was to constrain as much as
possible, while avoiding (1) constraint to the degree
that finding an acceptable entry sequence was too
time-consuming (i.e., requiring too many randomly
generated sequences to find an acceptable one) and
(2) compromising the degree to which clinics were
independent of each other. As an example of this
latter possibility, we want to avoid constraints that
always paired two clinics to enter simultaneously, as
this would effectively render them as a single ran-
domization unit. To avoid this, for a set of con-
straints, we generated 5000 acceptable designs, then
constructed a 29 � 29 matrix whose entries were the
number of times any given pair of clinics entered
the treatment condition in the same month. With
5000, the 95% confidence interval for any entry had
a 15% relative half-width. If there were any zero
entries, or a five-fold variation in the entries, we
relaxed the constraints and repeated the process.
This was largely a trial-and-error process based on
which particular entries in the matrix most departed
from uniformity. Most problematic was achieving
balance with respect to geographic region. The
municipality of Rio de Janeiro is divided into 10
major planning areas, known as APs, which can be
grouped into five geographically distinct regions.
There are nine, eight, six, three, and three clinics in
each of these regions. The dummy variables for the
last two of these required the greatest relaxation of
constraints, due to the limited number of ways the
three clinics could enter and still have some degree
of balance of months in each condition.

At the final check, 5000 acceptable designs were
generated from 8.96 � 107 random attempts using a
GAUSSTM program. There were no duplicates
among the 5000, whereas there had been 471 dupli-
cates in a previous run that had the precision for
the smallest planning areas (those with only three
clinics each) set at 0.3 instead of 0.4. The number of
times a pair entered together ranged from 88 to 271
across all 29 � 28/2 � 406 pairs.

Final selection of a sequence allocation

The first 1000 acceptable allocations were taken
from the 5000 generated in the final run.

The THRio study team decided upon the follow-
ing method for randomly selecting one of these
1000 sequences: using the last three digits of the
top number in the Brazilian national lottery
(Loteria Federal) drawing of 26 February 2005. This
method had the advantage of complete independ-
ence of the study team, in that the national govern-
ment would be responsible for selection of the
order of the enhanced training intervention in the
clinics. The number 73 259 came up, resulting in
the 259th sequence in the file containing the 1000

final sequences being selected. For the selected
sequence, the ratio criterion in the middle of equa-
tion (4) was calculated for each constraining covari-
ate. The degrees to which these differ from unity
appear in Table 3, and indicate very good balance
for these covariates.

The only drawback we have identified relating to
this method of random selection of treatment
sequence allocation is one related to the behavior of
study personnel, including the study statistician,
who purchased lottery tickets in the same lottery as
that used for randomization. If one of the tickets
had won, a critical reason for performing random-
ization would have been subverted – external cred-
ibility, or appearance of impartiality, might have
been diminished. Fortunately, no ticket purchased
by members of the study team won.

To minimize the possibility of contamination
resulting from information transfer across clinics,
only the first six months of the entire sequence
were revealed to the study team, with an additional
pair being revealed every two months of the trial.

Summary of randomization steps

1. Identify the clinic-level covariates that might be
related to TB incidence.

2. Specify the constraints for time-weighted covari-
ates.

3. Randomly generate clinic entry sequences until
5000 are found, which are acceptable with
respect to the constraints.

4. Check the validity by counting the number of
times pairs of clinics enter together.

5. Loosen the constraints as indicated; redo steps 3
and 4.

6. Take first 1000 of the final 5000 acceptable
sequences; select one using the national lottery
system.

7. Divulge the sequence of entering pairs only six
months before they are due to begin the inter-
vention.

Discussion

Cluster-randomized trials with ostensibly parallel
designs often are unable to implement the inter-
vention simultaneously in all groups randomized to
receive it, owing to logistics in the field. Unless the
implementation phase is long with respect to the
period of follow-up, the phased-in nature of
the trial may be ignored. Trials, however, that have
some or all of the units entering the intervention
status throughout much of the trial may need to
consider the methods similar to those described in
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this article. These methods can help avoid impor-
tant imbalances on relevant covariates, accurately
address sample size and power issues and avoid
problems related to seasonality or secular trends.

Stepped wedge studies that have a relatively
short timeframe may want to focus their compar-
isons of measures made for each randomization
unit before and after it enters the intervention
status. The approach to sample size calculation we
describe will also be relevant to such a situation,
even though our design has an orientation that
differs by ‘90 degrees.’ Correlation still needs to be
handled, and the analysis will consist of a weighted
mean of unequal comparisons, as the ‘before/after’
ratio of observation time will differ across units.
The only substantive change would be the need to
use a different formula provided by Hayes and
Bennett [12], one for matched designs, as ‘before’
and ‘after’ measures will be matched by unit.

The statistical design of the THRio study, partic-
ularly with respect to its power/sample size determi-
nation and randomization, had to accommodate
both cluster randomized and phased intervention
aspects of the study. In the course of developing the
design, various alternatives had to be considered,
with resulting compromises or practical decisions.
The issues with which we have been confronted,
however, will be common to many, encountered by
investigators of other phased implementation
cluster-randomized trials.
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