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Abstract

Objective—Stepped wedge design (SWD) cluster randomized trials have traditionally been used 

for evaluating a single intervention. We aimed to explore design variants suitable for evaluating 

multiple interventions in a SWD trial.

Study Design and Setting—We identified four specific variants of the traditional SWD that 

would allow two interventions to be conducted within a single cluster randomized trial: 

Concurrent, Replacement, Supplementation and Factorial SWDs. These variants were chosen to 

flexibly accommodate study characteristics that limit a one-size-fits-all approach for multiple 

interventions.

Results—In the Concurrent SWD, each cluster receives only one intervention, unlike the other 

variants. The Replacement SWD supports two interventions that will not or cannot be employed at 

the same time. The Supplementation SWD is appropriate when the second intervention requires 

the presence of the first intervention, and the Factorial SWD supports the evaluation of 

intervention interactions. The precision for estimating intervention effects varies across the four 

variants.

Conclusion—Selection of the appropriate design variant should be driven by the research 

question while considering the trade-off between the number of steps, number of clusters, 

restrictions for concurrent implementation of the interventions, lingering effects of each 

intervention, and precision of the intervention effect estimates.
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1. Introduction

The use of stepped wedge designs (SWD) in public health and clinical research has gained 

popularity since the Gambia Hepatitis study [1]. The traditional SWD is a unidirectional 

crossover design in which time of the intervention implementation is randomized at the 

cluster level, with one or more clusters following the same randomization pattern within 

each cluster group (Figure 1). The SWD offers a pragmatic approach where clusters initially 

serve as a controls before receiving the intervention at a subsequent time step; eventually, all 

clusters receive the intervention [2]. This is a major departure from parallel cluster 

randomized trials where assignments for intervention and control groups are decided at the 

beginning of the study and not changed subsequently [3].

In a SWD trial, the intervention effect is estimated using both within-cluster and between-

cluster information. Indeed, one of the strengths of SWD is that by including within-cluster 

information, time-invariant confounding on the cluster level can be avoided and precision 

may be gained [3]. The stepped rollout can also increase logistic feasibility when 

simultaneous intervention implementation in many clusters may be prohibitive. A SWD can 

be the preferred design choice when it is necessary or desirable for all clusters to receive the 

intervention by the end of the study (e.g. when randomizing to a control group is unethical), 

thus precluding the parallel or bidirectional crossover cluster randomized trial design. 

Another common motivation for using a SWD is having too few clusters for a parallel 

design. In these situations a SWD can provide higher quality evidence than purely 

observational studies or pre-post-assessments [4–6]. While some argue that two-arm parallel 

group or crossover cluster randomized trial design, when possible, is preferable to a 

traditional SWD, a SWD can be more efficient than a parallel group cluster randomized trial 

design under certain conditions [4,7,8]. Other scientific and logistical reasons for choosing a 

SWD are described in Mdege, et al. 2012 and elsewhere [7,5].

There are also inherent limitations to a SWD [4–11]. By design, the treatment effect in SWD 

is partially confounded by time, thus estimation of the intervention effect is often model-

dependent. When using a SWD, consideration must be given to both the amount of time 

required to begin the intervention rollout for each cluster as well as the length and placement 

of any wash-in or wash-out periods [12]. Other limitations have been discussed elsewhere 

[2,3].

SWD have traditionally been used to evaluate a single intervention. However, the need and 

desire to evaluate multiple interventions in a specific setting is not uncommon [13–15]. For 

example, to combat childhood obesity a school might implement both a policy change to 

school lunch requirements and a new nutrition curriculum [16]. Evaluating multiple 

interventions in a single trial using a SWD has the potential to decrease the required time 

until each cluster receives an intervention, improve participant engagement, decrease total 

funding required, enhance efficiency, and allow for assessing potential interaction between 

the interventions as well as decrease total clusters needed compared to conducting two 

separate trials. Here, we propose new SWD variants that can be used for rolling out and 

evaluating multiple interventions and outline their features and efficiency. Note that these 

variants apply only in the context of multiple interventions, as without the second 
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intervention, the models would essentially reduce to a single intervention SWD. Examples 

from the existing literature where the proposed design variants could have been considered 

are provided throughout. The overarching goal is to provide a framework for researchers 

who plan to examine the effectiveness of multiple interventions using SWD in their work.

2. Methods

This paper was motivated by the need to evaluate the effects of a new healthcare protocol in 

conjunction with a technological support piece. The technological support piece could only 

be applied following the implementation of the new healthcare protocol (described in section 

3.1.3. below), and we were interested not only in evaluating their joint effect, but also the 

effect of the healthcare protocol by itself. Due to the cost of implementation per cluster, 

limited number of available clusters and each cluster conditioning their participation on 

receiving the intervention, a SWD was chosen as the best design for this study, assuming it 

could be modified to accommodate the two interventions. In response to this identified gap 

in methodology, we developed four variants of SWD to support the evaluation of two 

interventions in one trial. We denote these variants as Concurrent, Replacement, 

Supplementation, and Factorial SWD. Each design utilizes unidirectional crossover, a 

hallmark of SWD. The designs are described in more detail in section 3.

To understand the relative efficiency of the different design options, and as an aid to power 

calculation, we also developed methods to calculate the variance of each of the two 

interventions. We used the following equation which extends the original model proposed by 

Hussey and Hughes (i.e., Intervention 1 and Intervention 2) [12],

(1)

where αi is a random effect for cluster i such that αi ~ N(0,τ2) (i in 1, …, I), βj is a fixed 

effect corresponding to time interval j (j in 1, …, T − 1, βT = 0 for identifiability), Xmij is an 

indicator of the treatment mode for the mth intervention in cluster i at time j (1 = 

intervention; 0 = control), ηm is the treatment effect for the mth intervention, I is the number 

of clusters, T is the number of time points, and M is the number of interventions. Note that 

this equation assumes no interaction between the interventions, although it could be readily 

extended to include such a term. An equation for the observed cluster means is:

(2)

where eij ~ N(0,σ2). Therefore, we have Yij ~ N(μij, τ2 + σ2). The dependence between 

observations in the same cluster is often parameterized in terms of the intracluster 

correlation coefficient (ICC) defined as  where . N is the 

number of individuals sampled per cluster per time interval.

Let θ = (μ, β1,⋯, βT−1, η1, ⋯, ηM). For each design variant, we can derive a corresponding 

design matrix [16], Z, and the variance of θ̂ can be calculated by:
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(3)

where V is an IT x IT block diagonal matrix. Each T x T block is of the form:

We used this approach to evaluate the variance of η̂1 and η̂2 for each of the design variants 

(see the appendix of Hughes, Granston and Haegerty [3] for more details and an approach 

for dealing with more complex models). Unless otherwise specified, all analyses compare 

each intervention to the control.

3. Results

We identified four major design variants of SWD for multiple interventions – Concurrent, 

Replacement, Supplementation, and Factorial SWDs. Each is suitable for addressing certain 

scientific questions of interest regarding the effect of two interventions in a SWD.

3.1. Classification and features of designs

3.1.1. Variant 1: Concurrent—This design is conceptually similar to the traditional 

SWD, with two separate interventions evaluated at the same time and in the same setting, 

but in different clusters (Figure 2A). Each cluster receives only Intervention 1 or 

Intervention 2. Both interventions are rolled out in a traditional SWD fashion and the study 

ends when all clusters receive either Intervention 1 or 2. The difference between this design 

and the traditional SWD is that the same time periods can serve as a control periods for both 

interventions, thereby increasing efficiency in estimating intervention effects.

A recent protocol published by Reuther, et al. in 2014 proposed a form of the Concurrent 

design to study the impact of two types of case conferences [WELCOME-IdA or 

WELCOME-NEO] (Web Figure 1) on quality of life in dementia patients in nursing homes 

[17]. With 12 nursing homes, they plan to conduct two separate SWD studies with 6 nursing 

homes in each, where each nursing home receives only one of the case conference 

methodologies. By using a Concurrent design, the investigators could achieve more precise 

estimates of each intervention’s effect as well as a direct comparison of the two 

interventions (if desired).

3.1.2. Variant 2: Replacement—In the Replacement design, introduction of Intervention 

1 follows the same pattern as the introduction of the intervention in the traditional SWD. 

Subsequently, however, Intervention 2 replaces Intervention 1 in each group of clusters 

(Figure 2B). The study ends when all groups of clusters have received Intervention 2. This 

variation is appropriate for assessing two interventions that will not or cannot be employed 
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at the same time and when the number of clusters available for the study is limited. This 

design could easily be modified to include a washout period to minimize the potential for 

any carryover effects from Intervention 1 to 2. Since it is not possible for a cluster to cross 

over directly from the control period to Intervention 2, we hypothesized that this design 

would underperform compared with other variants in evaluating the effect of Intervention 2.

Haines, et al. published a protocol for two nested SWD trials taking place in the same 

hospitals within one larger study but without any time periods that contain both SWD trials; 

the second SWD trial begins in the time period after the first SWD trial (Web Figure 2) [18]. 

For investigators interested in rolling out two interventions back to back, using the 

Replacement design may decrease funding required as well as total study duration needed to 

carry out the project as compared to conducting two separate SWD studies in series.

3.1.3. Variant 3: Supplementation—The Supplementation design introduces 

Intervention 1 and then adds Intervention 2 (Figure 2C). This is an especially suitable design 

for two interventions where the second intervention requires the presence of the first 

intervention. The study ends once all groups of clusters have received the combination of 

Intervention 1 + 2. While it would be possible to use this design when the two interventions 

could be offered both individually and simultaneously, the Factorial design (discussed 

below) would be the most appropriate choice in that case. The Supplementation design 

allows investigators to directly analyze the effect of Intervention 1 and combined 

Intervention 1 + 2. The Supplementation design may also be used to estimate the 

independent effect of Intervention 2 (which is never observed on its own) under the 

assumption of no interaction between the two interventions. Note that the Supplementation 

design can be considered as a reparameterization of the Replacement design since the 

combined effect of Intervention 1+2 in the Supplementation design is equivalent to the 

Intervention 2 effect in the Replacement design. Equivalently, the Intervention 2 effect in the 

Supplementation design is equivalent to the difference between Interventions 2 and 1 in the 

Replacement design. Intervention 1 is equivalent in both designs (Figure 3).

The Supplementation design could be used to determine the incremental benefit of, for 

example, a technological support piece (e.g., a near-real time support system as an add-on) 

during the rollout of a new healthcare protocol. Training the staff and implementing the new 

healthcare protocol would be Intervention 1 with the addition of the technological support 

piece employed as Intervention 2. In addition to reducing the complexity of introducing the 

entire intervention package at once, the Supplementation design provides an estimate of the 

contribution of each component to the overall intervention effect.

3.1.4. Design 4: Factorial—The Factorial design is characterized by concurrent rollout of 

Interventions 1 and 2, thereby allowing estimation of Intervention 1 and 2 separately as well 

as together (Figure 2D). The study ends once all clusters have received both Intervention 1 

and 2. This design is appropriate for two interventions that can be employed concurrently or 

separately, allowing investigators to estimate both individual effects and the interaction 

between the two interventions. While this design could be chosen specifically for its ability 

to assess interaction between the two Interventions, it can also be chosen to reduce the 

financial and logistical burden of conducting two separate traditional SWD trials when the 
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two interventions are independent. The Factorial design may improve recruitment as it 

provides an intervention at an earlier time step for clusters or individuals that would 

otherwise receive interventions last in a traditional SWD.

We identified several studies that could have potentially used the Factorial design to assess 

the effects of multiple interventions in the same cluster group. One of these studies 

compared two behavioral intervention programs [Intervention 1: Stepping Stones Triple P 

and Intervention 2: Stepping Stones Triple P plus Acceptance and Commitment Therapy] to 

reduce behavioral problems in children with cerebral palsy [19]. Parents of children with 

cerebral palsy were assigned to one of three arms of the study, Intervention 1, Intervention 2 

or waitlist control. Inclusion of an Acceptance and Commitment Therapy-only arm (as used 

in other studies) [20–23] and use of the SWD Factorial design could allow investigators to 

provide all patients with an intervention sooner than with the traditional SWD, or a 

Supplementation design. It would also allow investigators to assess the effect of the 

Acceptance and Commitment Therapy intervention alone, as well as the potential synergistic 

or antagonistic effects between the two interventions. For investigators interested in testing 

different interventions in the same population, the Factorial design could be used for the roll 

out of multiple interventions concurrently. This is conceptually similar to running two 

separate stepped wedge studies in the same study population at the same time. Durovni and 

colleagues recently completed two separate SWD studies in Brazil. Their first study 

examined the impact of tuberculosis screening training at HIV clinics on tuberculosis 

incidence [24], and their second study examined the impact of changing smear microscopy 

on the notification rate of lab-confirmed tuberculosis [25]. While these studies took place in 

different settings (HIV clinics vs. laboratories), they could have been run in concert with 

each other using a Factorial design if they had chosen HIV clinics with attached laboratories 

for their study, thereby decreasing total clusters and study cost needed to assess both 

interventions. A Factorial design could also measure the impact of dual interventions on a 

single outcome or, as in the Physician’s Health Study (i.e., an individually-randomized trial 

with the traditional factorial design) [26], a SWD Factorial design can also estimate 

Intervention 1 specific outcomes and Intervention 2 specific outcomes separately.

3.2. Efficiency of design variants

Although the choice of design should be driven by the research question, in some cases it 

may be possible for investigators to choose between designs. In this section, we explore the 

statistical efficiency of the various designs for estimating the treatment effects. Each design 

was analyzed with 5 time intervals and 24 clusters equally divided between the design 

variant’s cluster groups to allow comparability, although each design could be arranged with 

varying numbers of clusters or time periods. We assumed 100 subjects sampled cross-

sectionally in each cluster at each time point, an outcome with variance , a 

nonparametric time effect (as in equation 1) and no interaction between Interventions 1 and 

2. All variances were calculated using equation 3 (Figure 3).

In both the Concurrent and the Factorial designs, the variances of η̂1 and η̂2 are equal. In the 

Replacement design, the variance of η̂1 is generally lower than the variance of η̂2. To better 

understand this, consider the independent case (ICC=0). When the ICC=0 and the model 
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shown in equations (1) and (2) is used for analysis, only between-cluster comparisons 

contribute to the estimation of the treatment effects. Since there are generally more between 

cluster comparisons of Intervention 1 to control than Intervention 2 to control, Intervention 1 

is estimated more precisely. In general, the Replacement design is a weak choice, in terms of 

precision, for evaluating Intervention 2. In the Supplementation design, the variances of the 

Intervention 1 and 2 effects are equal. Additionally, due to the equivalence of the 

Replacement and Supplementation designs noted previously, the variance of the combined 

effect of Interventions 1 and 2 in the Supplementation design is equal to the (relatively large) 

variance of Intervention 2 alone in the Replacement design.

The variance of the comparison between the interventions (Intervention 2 minus Intervention 

1) is similar (in this example) for the Replacement and Factorial designs, highly ICC 

dependent for the Concurrent design, and relatively large for the Supplementation design. 

Indeed, in the Supplementation design, the variance of the Intervention 2 versus Intervention 

1 contrast is much larger than the variance of either Intervention compared to the control, 

and not ICC dependent (suggesting that all the information for this contrast arises from 

within-cluster comparisons). For the Concurrent design, the variance of Intervention 2 

versus Intervention 1 is similar to the variance of η̂1 and η̂2 (Figure 3).

4. Discussion

These design variants offer alternative approaches for studying more than one intervention 

using a stepped wedge cluster-randomized trial and can provide an opportunity for 

additional data collection and improved efficiency. The selection of the appropriate design 

variant should be primarily driven by the research question and nature of the interventions, 

with additional consideration given to ethical and logistical issues, minimum number of 

available clusters, restrictions for concurrent implementation based on intervention 

characteristics, plausibility of assumptions, statistical power and sample size, and the 

precision of the intervention effect estimates. Indeed, as noted by Hargreaves et al., ethical 

issues may preclude use of a stepped wedge design at all in certain scenarios [27]. Although 

we do not advocate for the use of a SWD in all cases when evaluating multiple interventions, 

there are certain instances where a multiple intervention SWD trial is a natural choice. For 

example, if the investigator were testing two separate vaccines, a bi-directional cluster 

crossover design would not be possible as the vaccine-acquired immunity is not removable. 

Although a parallel group cluster randomized controlled trial (let’s say with 4 arms) could 

be another option, if all clusters would like to receive both vaccines during the course of the 

study, a Factorial design SWD would be more appropriate.

Reasons for employing a SWD variant with multiple interventions may differ from reasons 

for using a single intervention SWD. While a single intervention SWD is often used to 

assess an intervention’s effect during rollout of a public health program, use of the 

Concurrent, Replacement and Factorial designs may occur more frequently as a result of 

simultaneous rollout of two separate interventions (e.g. Concurrent and Factorial). In 

contrast, a Supplementation design is a natural choice when the first intervention must be 

present before the second can be implemented.
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Unlike the single intervention SWD, where each cluster receives the same intervention, the 

Concurrent design would not provide both treatments to each cluster and the Replacement 

design would take away Intervention 1. Both of these features may preclude the use of the 

design for ethical or political reasons. However, similar to a single intervention SWD, the 

multiple intervention SWD variants would all ensure that each cluster received at least one 

of the interventions by the end of the study. Also like the single intervention SWD, use of 

one of the four SWD variants presented would likely decrease logistical challenges 

associated with simultaneous intervention implementation (compared to a parallel group 

cluster randomized trial) or the ethical/political challenge of maintaining a control group.

In this paper, we chose to use simplistic forms of these variants to demonstrate principals of 

evaluating multiple interventions with a SWD. Investigators could employ these four basic 

models flexibly with additional variations, including limiting the study to a single cluster per 

group (although this approach may not result in sufficiently powered SWD studies) and/or 

varying the number of time intervals spent in each intervention [28,29]. A recent study by 

Chinbuah, et al, showcases one of the many additional variations that can be employed – 

they used a form of the SWD Concurrent design to assess two drugs in the treatment of 

childhood fever substituting Intervention 1+2 for Intervention 2 [Intervention1: artesunate 

amodiaquine and Intervention 2: artesunate amodiaquine plus amoxicillin] (Web Figure 3) 

[30]. With any modifications to the design variants (e.g. adding time steps, adding 

interventions, etc.) the variances and precision would need to be re-calculated.

Our variance calculations were all done assuming “regular” stepping patterns and may not 

hold for irregular designs with unequal numbers of clusters in each step. Additionally, all 

calculations were done under the assumptions of equation 1 that includes only a random 

intercept term. Others have suggested adding random cluster*treatment or cluster*time 

terms to equation 1 [3]. Importantly, if random treatment effects (i.e. a cluster*treatment 

interaction) are added to equation 1, some findings (e.g., equal precision of the estimated 

intervention effects in the Concurrent, Supplementation and Factorial designs; Intervention 1 

generally estimated more precisely than Intervention 2 in the Replacement design) may not 

hold, unless the two variances of the random treatment effects are equal. All of the 

calculations to compare the efficiency of models were also done assuming no interaction of 

the interventions although an interaction effect could be validly estimated in the Factorial 

design. Also, valid estimation of the Intervention 2 effect in the Replacement design 

assumed that there was no carry-over effect of Intervention 1. All variance calculations were 

computed using linear regression and normal errors. Finally, all our results assume cross 

sectional sampling; while it is possible that these SWD variants could be employed in a 

model that included correlation for repeated measures on each subject (cohort sampling), we 

did not investigate such a model and are not sure all our qualitative conclusions would hold. 

Similarly, our examination of the relative efficiency of designs was conducted only for one 

particular combination of clusters, subjects and time steps. It is unclear how changing those 

parameters would impact our findings. Further study is needed to identify the most efficient 

versions of these four SWD variants, or other variants for multiple interventions, much like 

the research done to optimize the traditional SWD [7,31].
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5. Conclusion

These stepped wedge design variants offer alternative methods for studying multiple 

interventions using a cluster-randomized trial. The selection of the appropriate design should 

be driven by the research question. Other factors, such as the available number of clusters, 

time to conduct the study, interactions between the interventions, appropriate model 

structure and/or lingering effects of each intervention, should be considered. Appropriate use 

of these variants can provide investigators with potentially decreased cost and improved 

study feasibility, and may allow for addressing new scientific questions that were either 

unanswerable or challenging to address with the traditional stepped wedge design.
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WHAT IS NEW?

Key findings

- Evaluating multiple interventions using a stepped wedge design is feasible.

- Investigators could employ these four basic stepped wedge designs (i.e. 

Concurrent, Replacement, Supplementation, and Factorial stepped wedge 

designs) when evaluating multiple interventions with additional variations.

What this adds to what was known?

- Previous stepped wedge studies have been limited to evaluation of a single 

intervention; investigators may evaluate multiple interventions using these 

four designs.

What is the implication and what should change now?

- Use of the Replacement, Supplementation and Factorial stepped wedge 

designs allow investigators to assess the effect of multiple interventions 

within the same trial.

- Use of the Factorial stepped wedge design allows investigators to assess 

potential interactions between interventions.
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Figure 1. 
The traditional stepped wedge study

0=Control period; 1=Intervention period
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Figure 2. 
Stepped Wedge Design Variations*

0=Control period; 1=Intervention 1 period; 2=Intervention 2 period; 1+2=Period with both 

Intervention 1 and Intervention 2.

*To aid in comparisons, each design is constructed to have 5 time intervals and 24 clusters 

(i.e. each group contains 3, 8, 8, and 6 clusters for the Concurrent, Replacement, 

Supplementation and Factorial design, respectively). Variants of each design are possible.
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Figure 3. 
Variances of the estimates of intervention effects by design*

* Each design was analyzed with 24 clusters, 5 time steps and 100 individuals sampled 

cross-sectionally per time step per cluster. Note that the variance of the Intervention 1 

estimate is identical for the Supplementation and Replacement designs.
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