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Abstract
Introduction  Non-compliance is a common challenge for researchers and may reduce the power of an intention-to-
treat analysis. Whilst a per protocol approach attempts to deal with this issue, it can result in biased estimates. Several 
methods to resolve this issue have been identified in previous reviews, but there is limited evidence supporting their 
use. This review aimed to identify simulation studies which compare such methods, assess the extent to which certain 
methods have been investigated and determine their performance under various scenarios.

Methods  A systematic search of several electronic databases including MEDLINE and Scopus was carried out from 
conception to 30th November 2022. Included papers were published in a peer-reviewed journal, readily available 
in the English language and focused on comparing relevant methods in a superiority randomised controlled trial 
under a simulation study. Articles were screened using these criteria and a predetermined extraction form used to 
identify relevant information. A quality assessment appraised the risk of bias in individual studies. Extracted data was 
synthesised using tables, figures and a narrative summary. Both screening and data extraction were performed by 
two independent reviewers with disagreements resolved by consensus.

Results  Of 2325 papers identified, 267 full texts were screened and 17 studies finally included. Twelve methods were 
identified across papers. Instrumental variable methods were commonly considered, but many authors found them 
to be biased in some settings. Non-compliance was generally assumed to be all-or-nothing and only occurring in the 
intervention group, although some methods considered it as time-varying. Simulation studies commonly varied the 
level and type of non-compliance and factors such as effect size and strength of confounding. The quality of papers 
was generally good, although some lacked detail and justification. Therefore, their conclusions were deemed to be 
less reliable.

Conclusions  It is common for papers to consider instrumental variable methods but more studies are needed that 
consider G-methods and compare a wide range of methods in realistic scenarios. It is difficult to make conclusions 
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Background
Non-compliance (also referred to as non-adherence) to 
the intervention is a type of protocol deviation which 
occurs when participants in clinical trials do not adhere 
to the protocol of the intervention group that they were 
originally randomised to and may refer to individuals 
in all arms dropping out or missing certain elements of 
their randomised intervention. Analysis in the presence 
of non-compliance is a common challenge for research-
ers, with the average rate across disease areas found to be 
almost 25% in a review of 569 trials [1]. Addressing this 
issue and ignoring original randomisation means that 
it cannot be guaranteed that the relationship between 
intervention and outcome is unconfounded [2]. How-
ever, non-compliance also has the potential to reduce 
the power of the gold standard intention-to-treat (ITT) 
analysis ​ [3]​, in which participants are analysed based 
on their allocated group, irrespective of the intervention 
they actually received. These limitations are summarised 
nicely by Sagarin et al. (2014), who remark that “non-
compliance is difficult to model and perilous to ignore” 
[4]​.

Despite this clear issue, there is a distinct lack of guid-
ance surrounding the handling and reporting of non-
compliance within randomised controlled trials (RCTs), 
with the 2010 CONSORT guidelines stating that “the 
simple way to deal with any protocol deviations is to 
ignore them” [5]​. These guidelines recommend the 
reporting of an effect size estimated using per protocol 
(PP) methods, where non-compliers are excluded from 
analysis, in addition to reporting of the ITT effect. Whilst 
approaches such as PP and as-treated (AT) - where par-
ticipants are classified by the treatment they received 
rather than the one they were assigned - do attempt to 
account for compliance behaviours, they rely on the 
assumption that the now non-randomised groups are 
comparable. This is unlikely to hold and may result in 
estimates of the treatment effect that are subject to selec-
tion bias [4].

Previous systematic reviews have identified statistical 
methods to deal with this issue in non-inferiority trials [6]​ 
and in time-to-event and health technology assessment 
(HTA) contexts [7]. Additionally, Mostazir et al. (2019) 
conducted a methodological review of RCTs in order to 
assess which methods are most commonly used to han-
dle non-adherence to the protocol [8]. Methods identi-
fied across these reviews included principal stratification 

methods such as instrumental variables (IVs) and G-esti-
mation methods such as marginal structural models 
(MSMs) with inverse probability of censoring or treat-
ment weighting (IPCW/IPTW) and rank-preserving 
structural failure time models (RPSFTMs). Whilst these 
reviews provide a useful summary of the existing meth-
ods to deal with the issue of non-compliance in a range 
of contexts, they provide little information about the 
performance of these methods. Indeed, all three papers 
concluded that further work is required to assess and 
compare the performance of the methods that they iden-
tified [6–8]​.

Many of the papers identified in these reviews pro-
posed new methods in order to address a specific sce-
nario and evaluated their finite sample performance 
under simulation. Whilst using simulation in this manner 
is common practice, Boulesteix et al. (2013) argue that 
these papers should be treated with caution, since these 
simulations may be prone to “inventor bias” [9]. Pawel et 
al. (2022) also recently demonstrated how it is relatively 
easy to prove new methods to be optimal using simula-
tion studies [10]​.

Applying the idea of the ‘phases of statistical method-
ology research’ framework recently proposed by Heinze 
et al. (2023), many of these papers could be described 
as covering a ‘phase I/II’ level of research. Heinze et al. 
noted that many methods are proposed without ever 
being fully investigated and introduced their framework 
in order to put more weight on studies that conduct care-
fully planned method comparisons which explore the 
empirical properties of methods in a wide range of sce-
narios [11]​.

A natural drawback of simulation studies is that, whilst 
they allow for precise simulation conditions relevant to 
the problem of interest to be specified, this may result 
in poor external validity. One potential solution to this 
issue is to conduct a systematic review of completed 
simulation studies. Collating and appraising the results 
from studies that have used simulations to assess exist-
ing methods in this manner would allow for those most 
widely considered to be compared and evaluated based 
on evidence from a number of studies. This would ensure 
consideration of a range of scenarios with some replica-
tion and improve overall inferences made about the area 
of research. This also combats any potential for misin-
terpretation of individual studies [12]​. Not only does 
this approach produce a summary of the performance of 

about the best method to deal with non-compliance due to a limited body of evidence and the difficulty in 
combining results from independent simulation studies.

PROSPERO registration number  CRD42022370910.

Keywords  Non-compliance, Simulation studies, Statistical methods, Randomised controlled trials
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some key methods, it also provides a better picture of the 
landscape and progress of research in this area.

This systematic review aimed to identify all meth-
odological papers that have evaluated and compared a 
number of existing methods to deal with non-compli-
ance in RCTs using a simulation study. The results of this 
review could be used in order to identify gaps in cur-
rent research, inform further work or provide guidance 
for applied researchers wanting to consider compliance 
to the intervention within their analysis. The goal of this 
review is to address the following questions:

1.	 Which methods to deal with non-compliance have 
been most thoroughly investigated by researchers 
undertaking simulation studies in this area and how 
do these methods perform under various scenarios?

2.	 What does this tell us about the research deficits in 
this area? (E.g., which methods need to be evaluated 
more rigorously?)

Methods
This systematic review is reported using the most recent 
version of the PRISMA guidelines [13]. The PRISMA 
checklist is provided in the supplementary material 1 
along with the review protocol. The review was listed on 
PROSPERO before it commenced (registration number 
CRD42022370910).

Classification of methods
Existing methods to deal with non-compliance in analy-
sis of RCTs are summarised in Fig. 1. This summary was 
based on recent systematic reviews by Alshreef et al. 
(2019) and Mostazir et al. (2019) [7, 8] and is presented 
in order to provide an overview of methods that may be 
explored in the papers included in this review and high-
light research gaps. Along with the results of this review, 
this will hopefully create a clearer picture of which meth-
ods have been explored in detailed simulation studies and 
which should be assessed further.

Search strategy
A literature search was conducted in order to identify 
papers that focused on the comparison of existing meth-
ods to deal with non-compliance in RCTs using simula-
tion. The online databases MEDLINE, Web of Science, 
Scopus and MathSciNet were searched using a combi-
nation of keywords from inception to 30th November 
2022. These databases were selected with the assistance 
of a librarian specialising in medical and health informa-
tion sources, in order to ensure all relevant papers were 
identified. MathSciNet was included in the case that 
any pertinent simulation studies happened to be absent 
from the medical literature. The original search strategy, 
which was developed for MEDLINE in PubMed and was 
adapted for the other databases, is available in the supple-
mentary material 3. Ongoing studies were not included 

Fig. 1  Taxonomy of methods to deal with non-compliance to the protocol in a RCT, adapted from the taxonomies of Alshreef et al. and Mostazir et al. 
[7, 8]. Methods were categorised as simple, principal stratification, G-methods or “Other”. Methods highlighted are ones that have been identified within 
papers included in this review. *ITT does not attempt to deal with non-compliance directly but is included here as a “do nothing” approach

 



Page 4 of 19Abell et al. BMC Medical Research Methodology          (2023) 23:300 

due to the methodological nature of this review. The ref-
erence lists of included papers were also searched by the 
primary author in order to identify any studies fitting the 
inclusion criteria that may have been missed in the data-
base search.

Inclusion and exclusion criteria
For a methodological paper to be included in this review, 
it must have been published in the English language in a 
peer-reviewed journal and focus on comparison of two 
or more existing methods to deal with non-compliance 
under a simulation study. Reasons for exclusion included 
focus on alternative issues in clinical trial analysis, devel-
opment of a novel method or consideration of a specific 
setting other than a superiority RCT. A full list of inclu-
sion and exclusion criteria are given in Table 1. An article 
must have satisfied all inclusion criteria in order to be 
included within the review. Note that the structure of 
the eligibility criteria given here differ slightly from that 
detailed in the protocol. This change was made in order 
to make these criteria clearer and to specify which area 
of the reviewed papers they correspond to. Addition-
ally, one criterion has been removed, which excludes 

“theoretical papers with no application/assessment of 
method via simulation”. It was felt that this was covered 
within the other exclusion criteria and was therefore an 
unnecessary addition.

Since it was important to ensure high quality of simu-
lation studies, one of the inclusion criteria specified that 
only “sufficient” simulation studies should be included in 
the review. In the absence of a validated tool for assess-
ing the risk of bias for simulation studies, the following 
criteria were used to define this, based on guidance for 
reporting simulation studies by Burton et al. (2006) and 
an overview of previously identified relevant papers [14] .

 	• The simulation study clearly states its objectives 
and gives a description of how the simulation was 
conducted/the nature of the simulated data.

 	• The simulation study compares at least two existing 
methods that aim to account for non-compliance and 
estimate a point estimate of the intervention effect.

 	• Existing methods refers to those that have not been 
proposed in the paper of interest and the authors 
have referenced previous work when describing the 
method.

Table 1  List of inclusion and exclusion criteria for this systematic review. RCT - Randomised Controlled Trial
Inclusion criteria Exclusion criteria

Publication 
type

Peer-reviewed methodological papers whose focus is to compare two or more existing 
methods under a sufficient simulation study.

Non-peer reviewed articles, books or 
book chapters, theses or other grey lit-
erature such as conference proceedings.

Focus The methodological topic of interest is non-compliance to the randomised intervention, 
which may be by participants in the intervention or control groups. This compliance could 
be described as all-or-nothing or time varying/partial. Some papers refer to non-adherence, 
but we are considering these terms to be interchangeable in this paper.

Papers that focus on issues such as miss-
ing data or the combination of these 
issues with non-compliance.
Papers whose focus is a novel method 
rather than comparison of existing 
methods (e.g., that describe/reference a 
current method and propose an exten-
sion to it or propose a new method).

Setting The methods considered are explicitly applied to account for non-compliance in the setting 
of a superiority RCT.

Papers that focus on an observational 
setting.
Papers that consider a non-inferiority or 
equivalence setting.
Methods based on aggregated data 
such as meta-analysis.

Simulation 
study

A simulation study was defined as ‘sufficient’ based on the following criteria:
o The simulation study clearly states its objectives and gives a description of how the simula-
tion was conducted/the nature of the simulated data.
o The simulation study compares at least two existing methods that aim to account for non-
compliance and estimate a point estimate of the intervention effect.
o Existing methods refers to those that have not been proposed in the paper of interest and 
the authors have referenced previous work when describing the method.
o The authors consider several non-compliance scenarios, such as varying the proportion or 
type of non-compliance.
o Amongst performance measures, at least the bias of methods is reported or can be easily 
deduced.

Publication 
date

Papers published from databases inception to 30th November 2022.

Publication 
language

Papers published in the English language.
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 	• The authors consider several non-compliance 
scenarios, such as varying the proportion or type of 
non-compliance.

 	• Amongst performance measures, at least the bias of 
methods is reported or can be easily deduced.

Screening
Search results were imported into the Covidence soft-
ware [15] and duplicates removed. Title and abstract 
screening was conducted independently by two reviewers 
(L.A. and F.M.). Full-text screening was conducted with 
three reviewers (L.A., F.M. and A.C.J.), with each study 
being reviewed independently by L.A. and one other 
reviewer. Any conflicts were resolved by discussions 
including all reviewers until a consensus was reached.

Data extraction and synthesis
A predetermined extraction form produced in Covi-
dence was used for data extraction, which was piloted 
on a couple of studies by the primary author to ensure it 
was adequate. General information such as title, authors, 
year, journal and country were extracted. Additionally, 
outcomes of interest included the methods, trial setting 
and definition of non-compliance considered as well as 
details of the simulation study. These included the sce-
narios varied and the performance measures reported. 
Finally, the key findings and conclusions of authors were 
also extracted. In general, this information was extracted 
wholly to prevent misinterpretation.

Data extraction was performed independently by two 
of three reviewers (L.A., F.M. and A.C.J.) in the same 
manner as full-text screening, with differences resolved 
by consensus. Extracted information was exported and 
tabulated. Descriptive statistics, tables and graphs were 
used to explore and summarize the data and conclusions 
were drawn from these inferences.

A quality assessment form was used to assess the gen-
eral quality of the papers included in the review and this 
information was summarised and reported. This assessed 
the reporting of the simulation study, whether there was 
any justification or discussion by authors of assumptions 
made throughout the simulation set-up, values used dur-
ing data generation and the number of simulations. It also 
considered whether the conclusions made by the authors 
were supported by the results of their simulation study, 
whether the authors appeared to have any bias towards a 
particular method and the generalisability of their results. 
These criteria were constructed by the primary author, 
based on areas where it was thought that bias or ambi-
guity may be present, as well as simulation study report-
ing guidelines. For example, in certain papers it is clear 
that the authors are interested in one method in particu-
lar rather than an objective comparison of methods and 

this is an important consideration alongside the papers’ 
conclusions. Additionally, the settings considered within 
the simulation study may impact the generalisability of 
its results. This information gives greater context for the 
reader, which is an important aspect of any conclusions 
made.

Results
Figure  2 shows the number of studies included in each 
stage of this systematic review. Initial searches returned 
2325 studies for title and abstract screening once dupli-
cates had been removed. We assessed 267 full texts, 
which resulted in 17 studies included in the final review. 
Five studies were excluded based on the quality and rel-
evance of their simulation studies, which focused on 
power and coverage probabilities rather than a variety of 
performance measures, only varied sample size and no 
other factors or did not compare methods [16–20]. No 
further papers meeting the inclusion criteria were found 
during a search of the reference lists from the selected 
papers.

Definition of non-compliance
Figure  3 summarises the types of non-compliance con-
sidered by authors. Most non-compliance was assumed 
to be all-or-nothing, defined as a binary variable where 
individuals are supposed to either fully comply with the 
protocol or not comply at all (17 papers). Additionally, 
it was often implemented in the intervention group (11 
papers), based on the monotonicity assumption often 
being made within the principal stratification framework. 
However, seven papers considered methods that allow 
non-compliance to be partial or time-varying and some 
authors considered both of these settings simultaneously, 
depending on the method applied during analysis (six 
papers).

Estimand of interest
Five papers clearly specified that they were interested in 
estimation of the complier average causal effect (CACE) 
or the local average treatment effect (LATE) among com-
pliers. The remaining twelve only referred to estimating 
the treatment effect and did not specify further, although 
some mentioned that the estimand of interest may differ 
between the methods considered.

Methods considered
Figure 4 shows the methods considered and compared in 
each paper included within the review. These have been 
grouped into categories in a similar manner to the tax-
onomy presented in Fig.  1, but where specific estima-
tors of a method have been compared, these have been 
noted within the table. Where a method included within 
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this taxonomy appeared within a paper included in this 
review, it has been highlighted in order to emphasize this.

Table 2 provides general information about the papers 
included in this review. Nine papers (53%) were from 
Statistics in Medicine and two from Statistical Methods 
in Medical Research. Others came from various other 
journals. The majority of papers (82%) had been pub-
lished since 2010, with the oldest from 1997 [21] and the 
most recent from 2022 [22]. In general, the key aims of 
the papers included focused on comparison of methods 
or estimators, as stipulated by the inclusion criteria, but 
some focused on specific settings such as cluster ran-
domised trials [23–25], cross-over trials [26] or time-
to-event data [27–30] and considered issues such as 
inclusion of baseline information and the impact of 
unmeasured confounding.

Five papers compared ITT, PP, AT and IV analysis 
approaches, with a number also focused on comparison 
of different IV estimators (4 papers, 24%). Others also 
looked at estimators of the CACE or comparison of a 
range of other methods, including G-estimation meth-
ods, although this was less common. Aside from this, 
two papers were more unique in the methods they con-
sidered. Cuzick et al. (1997) compared the ITT approach 
to a ‘corrected method’, which utilises the principal strati-
fication framework and further extended this model to 
allow for time factors, developing a time-stratified con-
stant relative risk model, although these methods are not 
named [21]. Additionally, Soltanian et al. (2020) focused 
on the Grizzle model, which addressed non-compliance 
in crossover trials, and compared the ordinary and gen-
eralised versions of it to the latent-treat non-compliance 
model [26]. As well as comparison of different methods 
and estimators, it was also common for authors to con-
sider different forms of adjustment, calculation of robust 
standard errors (SEs) and incorporations of baseline 
covariates.

Simulation study
All simulation studies varied compliance scenarios in 
some way, since this was a criterion for inclusion in 
the review (Table 3). Across papers, it was common for 
simulation studies to vary the rate or levels of non-com-
pliance, as well as its dependence on other factors. For 
example, some assumed non-compliance to be random, 
whereas others considered it to be related to the outcome 
or other measured or unmeasured confounders. Some 
papers also looked at different types of non-compliance 

Fig. 3  Frequency of different definitions of non-compliance given across 
studies

 

Fig. 2  PRISMA flow diagram illustrating the screening process
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within the simulation scenarios, such as all-or-nothing 
or partial compliance and changed whether it was pos-
sible to be non-compliant in the control group or just the 
intervention group, whereas others specified this earlier 
in the paper and did not consider alternatives during 
simulation.

Other quantities that were varied during simulations 
generally depended on the clinical trial setting and the 
aims of the paper. For example, papers looking at the 
relationship between non-compliance and clustering var-
ied the number of clusters, average cluster size and intra-
cluster correlation coefficient (ICC) and also considered 
the impact of cluster-level variables on the outcome. It 
was common for authors to consider different sample 
sizes and true effect sizes, as well as the strength of con-
founding or effect of baseline covariates. Finally, one 
paper also considered the impact of key methodological 
assumptions and whether they were violated or not [36].

The most common performance measures were bias 
(17 papers, 100%), 95% coverage probabilities (12 papers, 
71%) and mean squared error/restricted mean squared 
error (MSE/RMSE) (9 papers, 53%). SE and empiri-
cal power were also reported in some cases (6 papers, 
35% and 5 papers, 29% respectively). Monte Carlo stan-
dard error (MCSE), sum of squared errors (SSE) and the 

partial F statistic assessing the strength of the instrument 
for the IV method were given in one paper each [23, 24, 
31].

Findings
Six of the 17 papers compared principal stratification 
methods such as IV and CACE methods to ITT, PP and 
AT. Ye et al. (2015) found that IV was unbiased when non-
compliance was random [37], although Bang and Davis 
(2007) concluded that IV may be as problematic as AT 
and PP in other scenarios, suggesting a trade-off between 
increased information and more reliable statistical prop-
erties [31]. Jimenez et al. (2017) similarly concluded that 
IV performed well in terms of bias when there was not a 
null treatment effect, but can have a higher variance and 
greater confidence interval (CI) widths, also proposing a 
trade-off between accurate estimation of the treatment 
effect whilst preserving randomisation [33]. Hossain and 
Karim (2022) concluded that no method was best in all 
scenarios, whilst considering a number of IV estimators 
as well as ITT, PP and AT, and that the optimal method 
was dependent on the setting and model assumptions 
[22]. Additionally, Merrill and McClure (2015) found that 
IVs lead to inflated type I error when partial compliance 
was dichotomized, which is common in practice [34].

Fig. 4  Methods included in each of the articles. Where estimators of the same method are compared, these are specified within the table. 2SPS – Two-
stage predictor substitution; 2SRI – Two-stage residual inclusion; 2SLS – Two-stage least squares; NPCB – Non-parametric causal bound; MLE – Maximum 
likelihood estimation; RCT – Randomised controlled trial; IV – Instrumental variables; ITT – Intention to treat; AT – As treated; PP – Per protocol; RPSFTM 
– Rank preserving structural failure time model; CALM -Causal accelerated life model; C-Prophet - Compliers proportional hazards effect of treatment; 
CHARM - Causal hazard ratio adjustment regression model; CACE – Complier average causal effect; LTGM – Latent treat grizzle model; *Compare ordinary 
and weighted least squares methods of adjustment for CL variable. **Compares ITT to unnamed “corrected method”. ***Also compare Cox model with 
binary and time-varying covariate. †Compares HLM with as-assigned or as-treated cluster
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Looking at the comparison of specific IV estimators, 
which is the focus of four of the papers in this review, 
Wan et al. (2015) found that two-stage predictor sub-
stitution (2SPS) and two-stage residual inclusion (2SRI) 
methods were both biased when there was an increasing 
hazard, and therefore, researchers should exercise cau-
tion when implementing these methods [30]. Cai et al. 
(2011) compared the same estimators and found 2SRI 
to perform better generally, but also reported that it was 
still biased when there was unmeasured confounding 
[32]. Agbla et al. (2020) alternatively compared weighting 
strategies applied to the two-stage least squares (2SLS) 
method of estimation in a cluster setting and concluded 
that 2SLS is a valid method and that all weighting strate-
gies perform well, provided the number of clusters is not 
small [23]. Finally, Stuart and Jo (2015) compared a pro-
pensity score weighting approach to an exclusion restric-
tion (ER) joint maximum likelihood estimation (MLE) 
method under a simulation study that considered viola-
tion of methodological assumptions and found the latter 
to be less sensitive to these conditions [36].

Only three papers considered G-estimation methods. 
One concluded that G-estimation provides valid esti-
mates over ITT and AT but induces loss of power due 
to extra censoring [28]. Odondi and McNamee (2010) 
compared a wide range of methods, but also found the 
G-methods to be most valuable, especially the causal 
accelerated life model (CALM), which performed best 
in terms of bias and coverage. They also found that the 
compliers proportional hazards effect of treatment 
(C-Prophet) method performed surprisingly well in 
terms of bias, even though it forces a dichotomy on par-
tial compliance, although it did have low coverage [29]. 
Hampson and Metcalfe (2012) found that the C-Prophet, 
Novel partial likelihood and RPSFTM methods were 
accurate when important covariates were included in the 
model and hence, advised that these should be adjusted 
for [27]. Similarly, Moerbeek and Schie (2018), who 
focused on the relationship between clustering and non-
compliance, also advised that any covariates related to 
compliance should be included in the statistical model 
[24].

Quality assessment
Generally, simulation studies were well reported, with the 
majority of authors justifying or discussing any assump-
tions that they made (Fig. 5). However, less than half jus-
tified all values selected during data generation and only 
three papers gave a justification for the number of simu-
lations run [33, 35, 37].

The conclusions of most papers were deemed to be 
supported by the results of the simulation study, although 
for two it was judged that this was unclear [26, 33] and 
these papers were also the ones that appeared to have A
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potential bias towards or favour a particular method. The 
results from the majority of papers were deemed “some-
what generalisable”, with their general applicability pre-
dominantly being limited by the specificity of the settings 
that they were based upon or the scenarios that they con-
sidered. Three papers were judged as “not very general-
isable”, either for this same reason or for previous issues 
mentioned with their quality [21, 26, 35], whilst one was 
deemed to be “very generalisable” [31].

Based on these results, it appears that the quality of 
papers included in this review is generally good, although 
in some cases better justification could have been given 
for the specifics within the setup of simulation stud-
ies. The conclusions of certain papers should perhaps 
be taken with caution and for this reason, less focus has 
been put on them when formulating the conclusions of 
this review.

Discussion
This systematic review has shown that it is common for 
simulation studies assessing methods to deal with non-
compliance to consider IV methods, either comparing 
these to ITT, AT and PP approaches or comparing dif-
ferent IV estimators. However, whilst is appears that 
IVs may be a popular method, many authors found the 
approach to be biased in several circumstances and this 
finding holds for a range of estimators.

Another key finding was a lack of comparison of 
methods that allow for time-varying non-compliance 
(G-methods). From assessment of the literature excluded 
in this review, it is clear that these methods are more 
commonly assessed in relation to treatment switching. 
Treatment switching often occurs in cancer trials and 
refers to the scenario where patients in the control arm 
are permitted onto the treatment arm at some point dur-
ing follow-up, such as disease progression [38]. This dif-
fers from the type of non-compliance considered within 
this paper, primarily since treatment switching is usually 
pre-specified in the protocol and hence, is not a protocol 
deviation. A list of papers that compare relevant methods 
in a treatment switching setting is provided in the sup-
plementary material 2. These papers were not included in 
this review due to the specific nature of the setting con-
sidered within their simulation studies (only participants 
in the control group were able to switch onto the inter-
vention arm). However, it is important to note that there 
is a lot of overlap between these issues within the field of 
causal inference.

Only one paper identified within this review con-
sidered a wide range of different methods, comparing 
simple methods, principal stratification methods and 
G-methods. This paper found the CALM to perform best 
in terms of bias and coverage across the settings consid-
ered and that the C-Prophet method performed well in 

terms of bias but had low coverage. It would be useful for 
more simulation studies to be conducted that compare a 
range of different types of methods in this manner. This 
would ensure that there is a strong body of evidence on 
the performance of methods which account for non-
compliance in a range of settings, including replication of 
results across independent simulation studies.

Previous systematic reviews in this area have identified 
methods to deal with non-compliance in various con-
texts, but all concluded that additional work was neces-
sary in order to compare these methods [6–8]. Therefore, 
the systematic review reported in this paper is unique 
from these other reviews, since it aimed to determine 
the scope of literature that focuses on comparing these 
methods and hence, identified papers conducting simu-
lation studies in order to achieve this. Seventeen papers 
were found that fit these criteria, which is perhaps a sur-
prisingly low number, given the amount of literature on 
the methodological issue of non-compliance and how to 
deal with it. We found that many of the methods identi-
fied in these previous reviews have been examined under 
simulation, although certain G-methods such as MSMs 
with IPCW/IPTW and structural nested mean models 
were absent. Additionally, no independent assessment of 
Bayesian approaches was identified.

Whilst the intention of this systematic review was to 
summarise the current body of evidence and make rec-
ommendations for future work, rather than providing 
practical methodology-related guidance, the conclusions 
of authors are specific to the setting which they consider 
within their simulation studies and hence, their generalis-
ability is limited by this. Additionally, it is important to 
remember that, in practice, the suitability of each causal 
method will be dependent on the clinical trial setting and 
the assumptions that the method makes. For example, 
the IV approach assumes that treatment allocation is not 
related to the outcome, other than via the risk factor of 
interest (the ER assumption) [4]. This may not hold for 
certain interventions, especially in trials in which blind-
ing is not possible.

It is clear that further work is needed in this area. This 
should include additional simulation studies compar-
ing a wide range of methods and specifically including 
G-methods, to provide a greater foundation of evidence 
of simulation results from which to base practical appli-
cation. However, whilst the results of simulation studies 
are undoubtedly relevant and useful, it is important to 
remember that the ultimate aim is to improve the use of 
these methods within clinical trials. As Mostazir et al. 
(2019) found in their review of RCTs, a large proportion 
of trials still do not implement causal methods, such as 
the ones discussed in this paper [8]. This may be due to 
a lack of understanding of the counterfactual approach 
and the difficulty in explaining and implementing it. 
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Therefore, a comprehensive overview of relevant meth-
ods and their advantages, limitations and assumptions 
would be beneficial to applied statisticians and those 
working in clinical trials.

This systematic review was planned with careful con-
sideration and conducted in a structured manner, with 
two independent reviewers used to screen papers at all 
levels and conduct data extraction and quality assess-
ment. In addition, best practice has been ensured by 
reporting using the PRISMA guidelines for systematic 
reviews. A recent scoping review of simulation studies 
comparing statistical and machine learning approaches 
to risk prediction for time-to-event data found that 
simulation studies often favour the method that was 
proposed within the paper itself and recommended 
that future comparison studies are conducted indepen-
dently of developing a new method [39]. An attempt was 
made to minimise this type of bias within this review, 
by excluding papers that proposed a novel method and 
then considered it within their simulation study. In addi-
tion, this criterion was also included as part of the quality 
assessment. Only a couple of the papers included in this 
review were dubious in this sense, but this was predomi-
nantly because it was difficult to tell whether one of the 
methods considered had been proposed by the authors 
themselves.

A key limitation of this paper is the subjective nature 
of the criteria given for defining both a “sufficient” sim-
ulation study and assessing the quality of the studies 
included in the review, and the potential biases that this 

may introduce. The “sufficient” simulation study criteria 
were based on best practice reporting guidelines for sim-
ulation studies and were included with the aim of iden-
tifying only relevant simulation studies that were well 
reported in order to improve consistency in data extrac-
tion. No formal tool for assessing the risk of bias in simu-
lation studies was identified and other similar reviews 
mentioned in this paper did not seem to have a formal 
quality assessment to take inspiration from. However, the 
authors felt that more bias would be introduced by failing 
to evaluate and report the risk of bias within each paper 
included in the review than by having an unvalidated 
quality assessment form. Therefore, a list of criteria was 
produced by L.A., based areas where it was deemed that 
bias may occur and simulation study reporting guide-
lines. These criteria were piloted on a few studies and 
peer reviewed by L.J.G. before being finalised.

A relative subjectivity was also necessary during data 
extraction and quality assessment, due to the narrative 
nature of the review. Overall, the authors aimed to be 
as objective as possible, using guidelines for reporting 
simulation studies to help assess the quality of them and 
focussing on summarising the conclusions of the origi-
nal authors without changing their own interpretation 
of the results. Additionally, data extraction and quality 
assessment were conducted by two independent review-
ers and any conflicts were discussed in depth. Finally, it 
is important to note that departures from the original 
protocol may induce a certain bias. In order to minimise 
this, deviations were only taken where essential in order 

Fig. 5  Quality assessment of the papers included in this review. *Paper contains no official discussion or conclusion section, but makes some conclusions 
in their abstract
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to improve clarity in reporting the methodology of this 
review and all such deviations have been discussed and 
justified.

Systematic reviews of simulation studies are rarely con-
ducted. One reason for this may be due to the difficulty 
in comparing results that are not equivalent. The lack of 
regularity in simulation study reporting means that sum-
marising results and conclusions is complex and ambigu-
ous. This undoubtedly impacts the generalisability of 
conclusions, despite the attempt made in this review to 
report a wide range of information about each included 
paper, such that the reader is able to make their own 
judgements where possible. Additionally, a recent sys-
tematic review on the quality of reporting of simulation 
studies about methods for the analysis of complex longi-
tudinal patient-reported outcome data found that current 
reporting practices are not consistent with best-practice 
guidelines [40]. Recently published guidelines have aimed 
to provide a more uniform approach to planning and 
reporting simulation studies using the ADEMP frame-
work [41], and hopefully due to this, summarising results 
of multiple simulation studies will be easier in the future, 
once the implementation of these guidelines has filtered 
through to systematic review level. In this paper, earlier 
guidance was used to help guide the inclusion criteria 
and quality assessment of papers as they are less recent 
and less specific than the ADEMP framework [14]. How-
ever, this still has the potential to induce bias, since some 
papers included in this review were written prior to this 
guidance in 2006.

Finally, it is important to note that many of the meth-
ods examined in this review could also be applied to deal 
with confounding in observational studies, which is anal-
ogous to the issue of non-compliance in RCTs. However, 
the focus of this review is the latter issue and hence, sta-
tistical methods to handle any potential confounding that 
is not related to non-compliance were not considered. 
Extending the scope of the review to cover this wider 
subject would have been infeasible. For this same reason, 
non-inferiority and equivalence trials were excluded, but 
it would be certainly be useful to also assess the methods 
that have been investigated in these settings, as they may 
differ to the ones primarily considered in this paper.

Conclusions
Participant’s compliance with their randomised interven-
tion in RCTs is rarely perfect and may impact the validity 
of trial results. There is a large body of research focussing 
on making causal inferences in RCTs when participants 
do not comply with the original protocol. However, much 
of the focus is on the development of novel methods and 
extensions or improvement of existing methods. Fewer 
papers direct their attention to comparison of these 
methods in a range of scenarios in order to fully evaluate 

them, and hence, there is little evidence available to 
applied researchers working in clinical trials in order to 
inform their decisions in a practical setting. The objective 
of this systematic review was to identify methods papers 
which aim to compare the performance of various exist-
ing methods to estimate a treatment effect in the pres-
ence of non-compliance in simulation studies.

This review identified a lack of comparison of special-
ised G-methods that allow for time-varying non-com-
pliance, although these methods appear to be compared 
more thoroughly in literature related to treatment 
switching. Whilst this is also an important methodologi-
cal issue, is may refer to a separate setting and it is not 
clear whether the results of these papers are generalis-
able to the definition of non-compliance considered 
within this paper. With the current state of the literature, 
it is difficult to make specific recommendations about 
which methods are most appropriate to use to deal with 
non-compliance, given the differences between the stud-
ies included in this review. More simulation studies are 
needed that compare a range of relevant methods, in 
order for replication of results and a consensus in recom-
mendations to be achieved.
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