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Planning and Analysis of Trials Using a
Stepped Wedge Design

Part 26 of a Series on Evaluation of Scientific Publications

Stefan Wellek, Norbert Donner-Banzhoff, Jochem Konig, Philipp Mildenberger, Maria Blettner

Summary

Background: The stepped-wedge design (SWD) of clinical trials has become very popular in recent years, particularly in health
services research. Typically, study participants are randomly allotted in clusters to the different treatment options.

Methods: The basic principles of the stepped wedge design and related statistical techniques are described here on the basis of
pertinent publications retrieved by a selective search in PubMed and in the CIS statistical literature database.

Results: In a typical SWD trial, the intervention is begun at a time point that varies from cluster to cluster. Until this time point is
reached, all participants in the cluster belong to the control arm of the trial. Once the intervention is begun, it is continued with-
out change until the end of the trial period. The starting time for the intervention in each cluster is determined by randomization.
At the first time point of measurement, no intervention has yet begun in any cluster; at the last one, the intervention is in prog-
ress in all clusters. The treatment effect can be optimally assessed under the assumption of an identical correlation at all time

points. A method is available to calculate the power and the number of clusters that would be necessary in order to achieve
statistical significance by the appropriate type of significance test. All of the statistical techniques presented here are based on
the assumptions of a normal distribution of cluster means and of a constant intervention effect across all time points of measure-

ment.

Conclusion: The necessary statistical tools for the planning and evaluation of SWD trials now stand at our disposal. Such trials
nevertheless are subject to major risks, as valid results can be obtained only if the far-reaching assumptions of the model are, in

fact, justified.
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compare treatments and interventions remains un-

disputed in medical research, and randomized con-
trolled trials (RCTs) are the acknowledged gold standard.
Due to practical considerations, a number of variations
have been developed in addition to the traditional RCT
design, including cluster-randomized trials and the
stepped-wedge design (SWD). In cluster-randomized,
parallel-group trials—the prevailing type of cluster-
randomized trial—groups of individuals (e.g. doctors’
practices, school classes, regions), rather than individuals
themselves, are randomized to receive the intervention.
These groups are generally—as well as in the rest of this
article—referred to as clusters.

The value of the principle of randomization to
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Basic principle, model assumptions, estimator of
treatment effect

In SWD trials, all individuals or clusters are observed
first for a certain period of time under control condi-
tions and then under intervention conditions until the
end of the trial. Randomization is used to decide when
the transition to the intervention is made. The number
of consecutive points in time at which the outcome
variable is observed is identical for all clusters, except
for cases with missing values. Individuals may either
be treated only once (cross-sectional SWD) or switch
from control treatment to the intervention during the
trial (open- versus closed-cohort SWD). In principle,
the unit of observation in an SWD may be either an



MEDICINE

TABLE 1
Stepped-wedge design with 5 possible intervention start times (T = 5) and one
cluster per start time (n = 1)

Intervention start time Cluster Time of measurement

no.
EIEIEIERER

1 1 C | | | | |

2 2 c|C I | | I

3 3 c|c|¢cC | | I

4 4 c|c|¢C | I

5 5 cl|c|¢cC C I

I: Intervention; C: Control

TABLE 2

Optimum weights of cluster means forn=1,T=5

a) p = 2/3 (values in table: numerators of fractions with denominator 160)

Cluster no. Time of measurement
0 1 2 3 4 5
1 -20 32 19 6 -7 -20
2 -10 -23 29 16 3 -10
3 0 -13 -26 26 13 0
4 10 -3 -16 -29 23 10
5 20 7 -6 -19 -32 20

Cluster no. Time of measurement
0 1 2 3 4 5
1 0 4 3 2 1 0
2 0 -1 3 2 1 0
3 0 -1 -2 2 1 0
4 0 -1 -2 -3 1 0
5 0 -1 -2 -3 -4 0

individual or a cluster. In practice, however, SWD trials
are usually conducted as an alternative to cluster-
randomized trials.

In recent years, SWD trials have gained consider-
able popularity for planning scientific studies in
medicine and health care research. This is reflected in
the volume of medical literature on SWD trials: for
example, a PubMed search using the keywords
“stepped wedge” for a systematic review of the litera-
ture, covering publications from 2010 through 2014,
yielded a total of 491 hits (1) (as of June 8, 2018).
Among the health care research projects funded by
the Innovation Fund of Germany’s Federal Joint
Committee (G-BA, Gemeinsamer Bundesausschuss)
since 2015, there are several trials following an SWD.

SWD trials were described in the literature on ex-
perimental design as early as the late 1970s (2). The
first large-scale study conducted and termed an SWD
trial dates from 1987 (3). In the course of that project,
a large-scale vaccination program was implemented
in Gambia, for which 17 teams were formed. All the
teams initially started a standard vaccination pro-
gram. Hepatitis vaccination was adopted gradually,
by one team at a time. The aim was to have vaccinated
all children against hepatitis B viruses (HBVs) after
approximately 4 years. The main reason given for
proceeding in this way was logistics, including vac-
cine availability. The outcome was evaluated in terms
of the incidence of liver tumors. Indirect evidence that
vaccination effectively reduced HBV infection had al-
ready been confirmed before in a number of studies in
high-risk groups. It was also known that HBV infec-
tion was a risk factor for liver cancer. According to
the authors of the trial, it would be valuable to obtain
direct evidence that vaccination reduced the incidence
of liver tumors. With respect to this trial, there was
also debate as to whether a 4-year traditional parallel-
group trial should be conducted instead of the SWD.
However, there were many organizational arguments
against this, so the SWD design was chosen.

SWD trials are often also referred to as unidirec-
tional crossover trials (4). This can be explained by
the schedule shown in 7able 1 for clusters’ transition
from the control arm to the intervention arm of the
trial for the standard case of a 2-armed SWD trial:
each cluster begins in the control arm (C). The transi-
tion to the intervention treatment (I) occurs at the la-
test at the last follow-up time. This means that the
only possible combinations for 2 consecutive points
in time are C-C, C-I, and I-I, whereas I-C is impos-
sible. This means that unlike in true, bidirectional
crossover trials (5) there are no observational units for
which the outcome variable is are measured without
intervention after the end of the trial’s intervention
phase. Which cluster is allocated to which row of the
scheme is determined by randomization. 7able I
shows a specific example, and one recognizes the
stepped-wedge shape between control and interven-
tion periods that gives SWD trials their name. The
number of clusters per start time need not be re-
stricted to one, but it should remain constant over
time where possible.

SWD trials are preferred over parallel-group or
(true) crossover trials if it is assumed that the inter-
vention will be considered worthwhile and beneficial,
and those planning the trial cannot (or do not want to)
justify interrupting the intervention once it has been
started. The SWD also has the advantage that the in-
tervention only needs to be started in a few clusters at
once, which from an organizational perspective is
often a very important factor. For example, in the trial
conducted in Gambia described above it was not
possible, for organizational reasons, to begin HBV
vaccination in all 60 000 children (50% of the study
population) at the same time.
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Table 2 shows optimum weighting for the trial
design shown in Table 1, as an example. The results
hold under the following simplifying conditions (4,
6):

® Condition 1: Analysis is performed in 2 steps; the

first one consists of calculating averages for each
cluster and point in time. Subsequent analysis re-
lates to these aggregate values alone, and for these
the basic distributional assumptions are required to
hold.

® Condition 2: Cluster means are normally dis-

tributed (at least approximately) with a variance,
being independent of both point in time and treat-
ment.

® Condition 3: Cluster means are correlated be-

tween times at which parameters are measured.
However, the magnitude of this correlation
depends on neither temporal distance nor the type
of treatment (control or intervention). In principle,
correlations depend on whether and how often
repeated measurements are taken from the same
individual.

® Condition 4: As an average over the population of

all clusters, the clusters’ arithmetical means are the
sum of a period effect specific to the time at which
parameters are measured and the time-independent
effect (hereafter referred to as 0) of the treatment
being investigated (the intervention).

Using these conditions, the standard error (stderr)
of the optimum estimator of the treatment effect can
be calculated exactly. A relatively simple formula can
be used (Box 1) to do so for arbitrary numbers of in-
tervention start times (7) and clusters (n) that transi-
tion from the control phase to the intervention phase
at the same time. This formula can be used to calcu-
late a confidence interval for the estimated treatment
effect obtained by analyzing an SWD trial. The en-
tries in the table in Box I show how the width of this
confidence interval, and therefore the statistical preci-
sion of the estimator, is affected by the parameters
underlying the trial design.

Significance testing, power, and sample size
planning

Just as simple as calculating the limits of confidence in-
tervals is statistical testing of the null hypothesis that
the “true” treatment effect 0 (i.e. the effect without
superposition of chance deviations) is 0.

When planning an SWD, it is important to realize
that the procedure to be used for calculating power
cannot be converted into a simple formula for the
number n of clusters that start the intervention at the
same time. As shown in the formula given in Box 1,
the standard error of 0., as well as the power, depend
not only on the variance (¢?) of the cluster means and
the number of clusters (n), but also on the number of
intervention start times (7) and the correlation be-
tween repeated measurements in a single cluster. The
conclusions to be drawn from comparative investi-
gations into the efficiency of various SWD trials,

Deutsches Arzteblatt International | Dtsch Arztebl Int 2019; 116: 453-8

Error variance (SE2) of the optimum
estimator of the treatment effect

Symbols:

T =no. of times outcome measured or no. of inter-
vention start times

n = no. of clusters beginning the intervention at the
same time

02 = variance of cluster means

o = correlation coefficient between measurements

for a single cluster at 2 different points in time
stderr = standard error

_|e (1-0)(eT +1)
stderr = \/? T =T +1)(eT +2)/12

(Source: Rhoda et al. [7]; Hughes et al. [8])

Width of 95% confidence interval (Cl) for 8 in for
different combinations of the design parameters T, n,
and p when g2 =1

1 5.49

2 0.10 5 2.46
50 0.78

1 4.53

2 0.50 S 2.02
50 0.64

1 213

2 0.90 5 0.95
50 0.30

1 2.04

5 0.10 5 0.91
50 0.29

1 1.73

5 0.50 5 0.77
50 0.24

1 0.81

5 0.90 5 0.36
50 0.11

cluster-randomized parallel-group trials, and individ-
ually randomized trials therefore depend on the
number of participating individuals, the number of
times measurements are repeated per individual, the
number of clusters starting intervention at the same
time, and the number of possible starting times.

The eBox compares cluster-randomized SWD trials
and parallel-group trials in various scenarios in which
both the variance o of the cluster means and their
correlation p between time points are functions of the
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Example of the planning and statistical analysis of an SWD trial (according to [10])
Aim
© To obtain evidence that the quality of life of frail senior citizens can be improved by geriatric training for nursing staff

Study procedure
© Start of intervention (training for nursing staff according to the Chronic Care Model [CCM], [11]) 6, 12, 18, or 24 months after the beginning of the
project (<—> T = 4); each cluster is a practice caring for 20 patients each; intervention started in 8 practices at each of the 4 points in time

Outcome parameter
© Physical Composite Score (PCS) of the Short Form Quality-of-Life Questionnaire (SF-12) (12); high score to be rated as favorable

Assumptions for power calculation

© Cluster means are normally distributed with variance 02 = 3.48 and correlation p = 0.66 between repeated measurements.
© The mean improvement in score achieved by the intervention for all practices is 8 = 1.00.

© The significance level is set at a = 5% (2-tailed).

Power when intervention is started in 8 practices every 6 months
© The formula shown in Box 1 is used to calculate the standard error of the estimated intervention effect at 0.3046. Hence, the probability that the
corresponding test yields a significant finding (power) is 90.71%.

Analysis of dataset shown in Table 3
® For the clustered PCS scores listed in Table 3, complete statistical analysis, including variance and correlation between points in time, yields the
following values:

- Estimated effect of intervention (+ standard error): 6,4 = 0.1717 + 0.2901
- 95% confidence interval: [-0.3969; 0.7403]
- p-value (2-tailed) to test the null hypothesis that 8 = 0: p = 0.5539

In view of these results, the outcome of the trial is negative. In other words, one cannot conclude from the trial data that the intervention has a

positive effect on patients’ physical quality of life.

so-called intraclass correlation coefficients (ICCs)
within clusters. If one measures the efficiency of a de-
sign in terms of the total number of clusters required
to detect an effect of 6 = 0.25 with a probability
(power) of 90% in a test at the usual significance level
o = 0.05 (2-tailed), the findings are as follows: in
these settings, SWD trials are more efficient than par-
allel-group trials unless ICC values are very low
(eFigure). However, it should be noted that there is a
fundamental qualitative change in this picture if, un-
like in the scenarios investigated in the eBox, the
number of measurements to be performed at each
point in time in individual clusters is the same for all
designs. Then, parallel-group trials are substantially
more efficient than SWD trials unless p is very large.

How to proceed when outcome parameter vari-

ance and time-dependent correlation are unknown
The facts and conclusions on statistical planning and
analysis of SWD trials that are summarized here hold
under the assumption that both the variance ¢* between
clusters and the correlation coefficient p between
measurements for one cluster at different times are
known quantities. Whenever an SWD trial needs to be
analyzed without this prior knowledge, a much more

complicated statistical procedure must be used allow-
ing to estimate in addition to the treatment effect 0, the
parameter of primary interest, also ¢* and p from the
data obtained in the study.

This extended procedure was used to obtain the
findings shown in Box 2 by analyzing the sample
SWD trial described in 7able 3. Full details of the pro-
cedure can be found in the documentation relating to
software programs for analyzing mixed linear models
such as the SAS PROC MIXED Procedure (9). Such
complex statistical models should also be used to ana-
lyze trials in which correlations between repeated
measurements are assumed to be due to intraindivid-
ual effects. Among others, this this typically implies
that the variation between clusters cannot be de-
scribed any longer in accordance with Condition 2 by
a single dispersion parameter. Even when ¢ and p
have to be estimated as part of the analysis of an SWD
trial, the trial is usually (4) planned as described
above for settings in which ¢ and p are known.

Discussion

Like true crossover trials, SWD trials yield longitudinal
data, since the outcome variable is measured repeatedly
in each observational unit (cluster). Another common
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feature of these two trial designs is that they entail a TABLE 3

high risk of producing misleading results: if the very re-

strictive underlying assumption that there is no interac- Raw data for example described in Box 2

tion between intervention effect and measurement time

is incorrect, the treatment effect cannot be estimated

without bias. It is very important to bear this caveat in

mind when planning and interpreting trials. 1 6 months 4805 | 4875 | 4960 | 5075 | 50.40

Alternatively, an SWD trial can also be regarded as 2 5130 | 53.00 | 5110 | 5145 | 51.95
a sequence of.TJr 1 parallel-group trials, with a con- 3 4830 | 4705 | 4770 | 4740 | 47.00
stant sample size (72) but a proportion of observational
units allocated to the invention arm that varies over 4 5200 | 5175 | 5165 | 5215 | 4925
time (increasing from 0 to 100%). 5 51.45 52.25 52.55 52.25 51.50

Even if the cluster means obtained in an SWD trial 6 5120 | 5390 | 5325 | 5330 | 52.65
are normally distributed, approx1mz.1t10ns are usually 7 5035 | 5060 | 5225 @ 5050 @ 5220
needed to test hypotheses concerning the treatment
effect. Various approaches are available for this 8 5210 | 4890 | 50.20 | 5300 | 48385
purpose. They yield different results, and none can be 9 12 months 50.90 | 52.05 5225 | 51.05  52.85
said to be generally preferable to the others. 10 5070 | 5070 | 4940 | 4945 @ 5145
Fuﬂhermore, as is often. the case when analyzing 1 4905 4905 4940 4845  48.70
longitudinal data, SWD trials are usually analyzed on
the basis of assumptions about the correlation struc- 12 4990 | 4895 | 4955 | 4980 | 490
ture that greatly simplify the true situation (equicorre- 13 4885 5175 | 5225 | 5045 & 50.60
lation model). . _ 14 4865 = 4955 | 4980 4990  51.10

The main pr?ctlcal 1ncent1V.e stated.for condu@tlng 15 4740 | 4825 | 4840 | 4885 | 49.35
an SWD trial is usually a wish to give all patients
access to the intervention being investigated, at least 16 4890 | 4905 4890 = 4805 4735
in the last period of the trial. This is particularly desir- 17 18 months 5360 | 52.75 | 5050 | 53.60 | 51.90
able if there is information available suggesting that 18 4825 | 5030 | 4845 @ 4710 | 5010
the intervention is effective. This was the pivotal
argument for the trial conducted in Gambia: those 19 5050 | 5110 | 4900 | 4945 | 5175
conducting the trial were sure that vaccination was es- 20 47.55 | 4755 | 4760 | 4825 | 4745
sentially effective. 21 4910 | 49.00 | 49.70 | 4945 | 4845

SWD trials are thus an alternative to conventional 2 5150 | 5165 | 5090 @ 4970 @ 5165
trials when there are practical limitations that preclude

. . . . 23 48.60 | 4840 | 48.00 | 47.10 50.75
carrying out cluster-randomized trials. Conducting a
cluster-randomized trial would require the nursing staff 24 4950 | 4950 | 5035 | 5145 | 50.95
training, etc. associated with the trial intervention to be 25 24 months 5165 = 50.30 | 4810 | 49.75 = 51.05
perforrr.led swi_ftly e_nough_ for the intervention to be 2% 4845 | 50205 | 4915 @ 5065 @ 4920
started in all trial patients simultaneously.

If statistical analysis of the trial is performed cor- el SUE9 || Gl | Oy || Ay | et
rectly (and at an appropriate level of complexity), 28 5120 | 5070 | 5145 | 5200 = 50.15
basic methodological requirements can be met. Al- 29 4720 | 4920 | 4970 = 4855 = 49.10
though .the conditions required for a valid statls.tlcal 30 4610 @ 4720 @ 4760 @ 4575 = 4570
evaluation of the treatment effect can be specified
clearly in theory, in practice they are difficult to test. o Glkde | feln | ES | ARED | Aail

32 4925 | 4800 | 4845 5175  49.70
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Key messages

@ The main potential benefit of the stepped-wedge design (SWD) is that it makes it possible to compare an intervention that cannot
be administered to all trial patients at the same time in a randomized controlled trial.

® The SWD bears only a slight similarity to the conventional crossover trial design, as the outcome variable is not measured for
each observational unit under both control and intervention conditions.

® The major drawback of the SWD is that correct statistical analysis is only possible if the effect of the intervention investigated is
guaranteed to depend on neither the duration of the intervention nor when it is started within the trial.

® Some authors prefer SWD ftrials to parallel-group trials regardless of feasibility issues, as it makes it possible to give all trial
patients access to the intervention in at least one period of the trial.

® Like conventional, true crossover trials, easily interpretable models and procedures for the statistical analysis of SWD trials exist
only if data is approximately normally distributed. There are several competing approaches for trials with binary or categorical

data.
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Planning and analyzing stepped-wedge design (SWD) trials

This eBox compares sample cluster-randomized SWD and parallel-group trials in various scenarios in which both the
variance 02 of cluster means and their correlation p between times at which the outcomes are measured depend on the
intraclass correlation coefficient (ICC) within clusters.
The scenarios result from the following assumptions (for full specifications see the eTable):
- Each individual is observed only once.
— The number of individuals participating in a cluster per month is fixed at 10.
— Study duration is set at 12 months.
— SWD trials with 2, 3, or 5 intervention start times and a parallel-group CRT (cluster-randomized trial) with recruitment
lasting 12 months are compared with each other.
— The number of study periods is therefore 3, 4, or 6, and 1 for the parallel-group CRT.
— Study periods last 4, 3, or 2 months, and 12 months for the parallel-group CRT.
— The number of patients observed per cluster and study period is 40, 30, 20, or 120.
- Random cluster effects are constant over all periods.
— Both the variance of the cluster means and their correlation between times at which the outcome is measured depend
on the ICC as follows: 02 = ICC + (1 - ICC)/m, p = ICC/02, where m is the number of individuals per time of measure-
ment.

The eTable shows the total number of clusters needed as a function of ICC, to reveal an effect of 6 = 0.25 with a probability
(power) of 0.90 when the test described above is performed as a 2-tailed test with significance level a = 0.05.

Because all clusters recruit over an equal period, 12 months, the number of individuals observed without intervention
and under and intervention conditions is a constant multiple—120-fold—of the number of clusters. The eFigure shows that
the following points are true for the design options selected here:

— Design efficiency depends on ICC.

— SWD trials with many intervention start times are more efficient than those with few. However, in some cases it will
not be possible for practical reasons to choose the maximum number of periods per start time in one cluster, as this
would make the periods too short.

— Costs/expenditure will usually be fixed per cluster. In such cases the scenarios described here will not be decisive but
may be significant if there are various options available regarding total length of recruitment or recruitment rate for
each design.

— Finally, the assumption that period effect is additive and a number of requirements concerning correlation structure in
parallel-group CRTs (cluster-randomized trials) need not be met, so parallel-group CRTs have a lower risk of bias and
higher level of evidence, other things being equal.
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eFIGURE Number of clusters
required for various
70 SWDs and a
= 2 intervention start times parallel-group CRT,
g0 . — 3 intervention start times by ICC
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50 I randomized trial;
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S 30 design
g
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eTABLE

Specifications of compared trial designs

ForICC =0.01

0.29

0.23

0.17

No. of intervention start times

No. of individuals per cluster per month 10 10 10 10
Study duration (months) 12 12 12 12
No. of study periods 3 4 6 1

Duration of study periods (months) 4 3 2 12

No. of individuals per period per cluster (m) 40 30 20 120

No. of clusters per start time Depends on correlation parameters

Marginal interindividual variance 1 1 1 1

For ICC =0.01 0.035 0.043 0.060 0.018
For ICC =0.05 0.074 0.082 0.098 0.058

Irrel.

ForICC =0.05

0.68

0.61

0.51

Irrel.

o? =1CC+ = (1-1C0),p =5

CRT: Cluster-randomized trial; ICC. Intraclass correlation coefficient; Irrel.: Irrelevant; SWD: Stepped-wedge design
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