
1 
 

 
 



2 
 

Development of a generalisable methodology for 

n-of-1 trials delivery for very low volume 

treatments (DIAMOND) 
 

Authorship: 

The research was conducted by: 

Liv Hawksworth – Research Assistant, Sheffield Clinical Trials Research Unit, The University of 

Sheffield. 

Professor Steven Julious – Professor of Medical Statistics, School of Health and Related Research, 

The University of Sheffield. 

Robin Chatters – Research Fellow, Sheffield Clinical Trials Research Unit, The University of Sheffield. 

Professor Stephen Senn – Honorary Professor, School of Health and Related Research, The University 

of Sheffield. 

Dr Andrew Cook – Associate Director, Southampton Clinical Trials Unit.  

Funding: 

The DIAMOND project was commissioned by the National Institute for Health Research (NIHR) 2020 

Funding Call for Clinical Trials Units (CTUs).   

Acknowledgements:  

Thank you to all those who shared their views and experiences with the study team through the 

workshop, dissemination event and other communications.  

 

  



3 
 

Abstract 

Introduction 
n-of-1 trials are multi-period crossover trials designed to evaluate health technologies within 

individual patients. The DIAMOND project (Development of a generalisable methodology for n-of-1 

trials delivery for very low volume treatments) was undertaken to facilitate the application of n-of-1 

trials, particularly in rare disease research, by producing guidance on the design, implementation, and 

analysis of n-of-1 trials. 

Methods 
We conducted a review of the characteristics of randomised n-of-1 trials published between January 

2011 and May 2021. Following the review, we developed a set of key points to consider to guide the 

design and implementation of n-of-1 trials. These key points were informed by a stakeholder 

workshop, collaborator discussion, and a stakeholder dissemination and feedback event. The 

stakeholder workshop sought to gain the perspectives of a variety of stakeholders (including clinicians, 

researchers, and patient representatives) on the design and use of n-of-1 trials. A discussion between 

the study team and collaborators was held to reflect on the workshop. Lastly, the stakeholders from 

the workshop were invited to a dissemination and feedback session. During this session, the proposed 

key points were presented to stakeholders and their feedback was requested. The feedback received 

was incorporated into the final set of key points. 

Results 
The review identified 52 randomised n-of-1 studies, 8 of which (15.4%) were conducted in rare 

diseases. There were no apparent differences in trial design according to whether they were 

conducted in a rare disease or not. Workshop discussions centred on the types of questions that n-of-

1 trials can be used to answer, the treatments they can be used to assess, and potential outcomes of 

n-of-1 trials. 

A set of key points were developed based on the results of the review and insights from the workshop 

and subsequent discussions. They provide guidance on when an n-of-1 trial might be a viable or 

appropriate study design and discuss key decisions involved in the design of n-of-1 trials, including 

determining an appropriate number of treatment periods and cycles, the choice of comparator, 

recommended approaches to randomisation and blinding, the use of washout periods, and 

approaches to analysis.  

Additional outputs of the project include two courses on n-of-1 trials and materials to support the 

analysis of n-of-1 studies in SAS, Genstat and R. 

Discussion 
The key points developed in the project will support clinical researchers to understand key 

considerations when designing n-of-1 trials. It is hoped they will support the wider implementation of 

the study design.  
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Plain English Summary 
 

n-of-1 trials test the effects of a treatment by following a single patient over time. The patient will 

receive the treatment that is being tested and a comparator treatment (e.g. placebo) multiple times. 

The order in which the treatments are given is decided by chance. Doctors and researchers are 

sometimes unsure when and how to use n-of-1 trials. We therefore undertook the DIAMOND 

(Development of a generalisable methodology for n-of-1 trials delivery for very low volume 

treatments) project to develop guidance for doctors and researchers.  

We started by finding n-of-1 trials that have been planned or carried out since 2011 in order to 

understand their features and how they were designed. We shared our findings at a workshop with 

doctors, researchers and patient representatives who helped us think about some key points that 

would help other doctors and researchers learn about these trials. We drafted the list of key points 

then asked the doctors, researchers and patients for feedback. 

The final set of key points provides guidance as to when an n-of-1 trial is appropriate, that questions 

that can be addressed, and how the trial may be designed and interpreted. We have also developed 

other resources for researchers, including detailed statistical guidance on how to analyse n-of-1 trials, 

and statistical software packages, and training sessions for both statisticians and non-statisticians. 
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Scientific Summary 

 

Background 
Informal evaluations of the effects of treatment on a patient are common in routine clinical practice 

(1). However, these ‘trials of therapy’ are susceptible to bias and consequently have limited use in 

determining the optimal treatment for a particular patient (1).  

n-of-1 trials combine research processes (e.g., blinding and randomisation) with the investigation of 

treatment effects in an individual patient to reduce bias and consequently improve clinical decision 

making. They have a within-patient, multi-period, crossover design in which a single patient switches 

between different treatment conditions until an individual treatment effect is established. The 

treatment allocation to study periods is usually randomised; these n-of-1 trials can be described as 

randomised controlled trials (RCTs) conducted in an individual patient, where the patient acts as their 

own control. 

n-of-1 trials have the potential to evaluate health technologies in individual patients and therefore 

increase therapeutic precision (2,3). They may be particularly useful in rare disease research, in which 

there are limited options in terms of study design due to small patient populations (4). 

It has been highlighted that n-of-1 trials are an underused study design (5). Barriers to the 

implementation of n-of-1 trials might be behind their underuse, such as clinicians not believing in the 

clinical value of n-of-1 trials, and a lack of understanding of the technical and statistical elements of 

the design (6). These barriers might be amenable to influence through guidance on the design and use 

of n-of-1 trials.  

The DIAMOND project (Development of a generalisable methodology for n-of-1 trials delivery for very 

low volume treatments) was undertaken to facilitate the application of n-of-1 trials, particularly in rare 

disease research, by producing guidance on the design, implementation, and analysis of n-of-1 trials.  

 

Objectives  
The objectives were to: 

a) Review previously conducted n-of-1 trials to establish their characteristics; 

b) Conduct a series of stakeholder workshops to develop a list of key points to consider for n-of-

1 trials; 

c) Provide training courses to disseminate the findings; 

d) Produce a guide to enable statistical analysis of n-of-1 trials. 

 

Methods  
The project comprised of two stages: a review of the literature and the development of the key points 

to consider. 
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Review 

A review was conducted of n-of-1 trials that updated a previous review of the characteristics of these 

studies (7). The DIAMOND review extended this work to May 2021 by searching published literature 

and clinical trial registries (ISRCTN (International Standard Randomised Controlled Trial Number) and 

ClinicalTrials.gov) for abstracts/titles mentioning the phrases “n-of-1”. The titles, abstracts and full 

texts of the identified articles were screened, and those that did not report on a randomised n-of-1 

trial were excluded. Data were extracted from the articles and analysed descriptively.  

 

Development of key points to consider, training courses and a statistical analysis guide 

In order to develop the key points, firstly a workshop was undertaken where the perspectives of a 

range of stakeholders were sought, including patient representatives and those who have experience 

or an interest in undertaking n-of-1 trials. The results from the review were presented, and a 

discussion facilitated regarding the type of questions that the study design can be used to address, 

the treatments that can be investigated, and the possible outcomes. Following the workshop, 

discussions between study collaborators were facilitated to develop a set of key points. The proposed 

key points were then reviewed by stakeholders at a dissemination event. 

The development of the training courses and statistical analysis guide was informed by both the key 

points themselves and the discussions had during their development. 

 

Results  

Review 
Fifty-two studies were included in the review, of which (n=8, 15.4%) were in rare diseases. There were 

no discernible differences in the design characteristics of n-of-1 trials between those undertaken in 

rare and non-rare diseases. The n-of-1 trials were mainly of drug therapies (n=35, 67.3%). Studies most 

commonly compared two treatment conditions (n=43, 82.7%) and had a median of six study periods 

(n=22, 43.3%).  

Most of the included studies were placebo controlled (n=34, 65.4%), whilst others used active 

comparators (n=12, 23.1%), sham devices (n=4, 7.7%) and no intervention periods (n=4, 7.7%).  

The majority of studies blinded participants to treatment allocation (n=42, 80.8%). 

The majority of studies used patient reported outcome measures (PROMs, n=38, 73.1%). Other studies 

used: physiological parameters (n=9, 17.3%); behavioural tests (n=3, 6.8%); lab parameters (n=2, 3.8%) 

and measures of physical activity (n=2, 3.8%). 

The statistical analyses were undertaken using a statistical test (e.g. t-test, regression model) (n=35, 

67.3%), visual inspection of graphical data (n=2, 3.8%), Bayesian methods (n=8, 15.4%) and time-series 

analysis (n=1, 1.9%). Some studies did not use statistical analysis methods (n=8, 15.4%). The majority 

of studies combined the data from multiple n-of-1 trials (n=32, 61.5%).  

Development of key points to consider 
The workshop was attended by 13 stakeholders. Of these, nine were clinicians/researchers, two were 

statisticians and two were Patient and Public Involvement (PPI) representatives. Attendees discussed 

when it is appropriate to undertake n-of-1 trials, the questions that can be addressed and other design 

considerations. 
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Following the workshop the key points were developed. Discussions with collaborators resulted in 

additional points being added regarding the justification for n-of-1 trials and the importance of 

tailoring the design of the trial to the research question. 

Five individuals from the workshop also attended the dissemination event, including a patient 

representative, a statistician, and three researchers in rare diseases, two of whom had experience of 

undertaking an n-of-1 trial. Attendees suggested that a point should be added regarding the need for 

Patient and Public Involvement (PPI) in n-of-1 trials and suggested that improved links should be made 

between points that have an overlapping scope.  

Key points to consider 
These discussions led to the development of 21 key points to consider for designing n-of-1 trials, which 

are listed below in three sections.  

 

Section 1: When is it appropriate to undertake n-of-1 trials?  

n-of-1 trials may be used for the following purposes:  

1) To inform decisions about the care of an individual patient. 

2) For the assessment of very low volume interventions, such as those in rare (and ultra-rare) diseases. 

3) For the investigation of expensive health technologies.  

4) They can be applied to study wide range of health technologies, provided that  

5) the health technology to be assessed has an onset of effect that can feasibly be observed in a study 

period, and 

6) the health technology to be assessed does not have prolonged carryover effects. 

 

Section 2: What types of questions can n-of-1 trials be used to address?  

7) n-of-1 trials can address the following questions:  

• Does the health technology work at all?  

• Does the health technology work better than the existing health technology? 

• Which health technology is best for a particular patient?  

• Is the treatment effect consistent or does it vary between patients?  

 

Section 3: Design and analysis considerations 

The design and analysis section is further divided into eight subsections: 
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Choice of outcome 

8) The question being addressed will inform the choice of primary outcome. Efficacy outcomes are 

most often indicated, except where the trial is comparing equally efficacious treatment, in which case 

a patient preference outcome may be used. Practical considerations such as the time point at which 

an outcome can be observed will also inform outcome choice.  

9) A range of outcome measures can be applied. It is recommended to use both patient reported 

outcome measures (PROMs) and more objective measures of effect where possible, especially in 

those trials that are being undertaken to assess the efficacy of an expensive or risky treatment.  

10) n-of-1 trials can be used not only to assess the effect of a health technology on a primary efficacy 

outcome but also other outcomes which are important to the patient. 

 

Choice of comparator 

11) It is recommended to compare active treatment conditions where possible.  

 

Target of treatment 

12) n-of-1 trials can be used to provide evidence regarding the effect of a health technology on the 

patient’s condition itself, specific symptoms of the condition, the side effects of another treatment, 

or the patients’ satisfaction with the health technology. 

 

Number of treatment conditions and periods 

13) n-of-1 trials typically compare two treatment conditions. Designing n-of-1 which compare three 

or more treatment conditions is associated with practical challenges.  

14) The number of study periods in an n-of-1 trials is a trade-off between feasibility and precision.  

 

Blinding 

15) n-of-1 trials should be blinded where feasible.  

 

Randomisation 

16) Blocked randomisation of treatment allocation is typically recommended.  

 

Analysis 

17) An interim analysis may be appropriate. The analysis can be using to indicate whether the trial 

should be stopped early. 

18) Washout periods or active (analytical) washout should be employed if there are likely to be 

carryover effects of the health technologies under investigation. 
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19) Clinical, rather than statistical, significance should primarily be used to determine the effect of 

treatment for a particular patient. 

20) Combined analysis of a series of n-of-1 trials can be used to estimate the average treatment effect 

across all the trials, determine whether these effects are consistent for all of the patients in the study, 

and estimate the average treatment effect in the population generally.  

 

Patient and Public Involvement 

21) Relevant and meaningful PPI should be sought throughout the n-of-1 trial including design and 

planning; interpretation; dissemination and implementation. 

 

Training courses and  statistical packages 

The training courses were held on 8th September 2022 (for statisticians) and 26th October 2022 (for 

non-statisticians).  

Statistical packages are available here: www.sheffield.ac.uk/scharr/research/centres/ctru/diamond 

(date accessed 30 June 22).  

 

Discussion 
We have developed a set of key points to consider when designing and undertaking n-of-1 trials. They 

cover when it is appropriate to undertake an n-of-1 trial, the questions that can be addressed, and 

design considerations. We have also developed additional resources for researchers in order to aid 

the analysis of such trials. 

Strengths and limitations  

The strengths are that the project involved a review of previously undertaken n-of-1 trials from 2011 

until 2021, representing an up-to-date audit of all randomised n-of-1 trials conducted over this time-

period. The review informed a workshop involving 13 stakeholders in the field of n-of-1 trials from a 

range of backgrounds and disciplines as well as two patient representatives. However, with only 13 

stakeholders, the results may not be generalisable compared to if a larger group of individuals were 

assembled.  

Comparison to other studies  

The project has built upon previous work on n-of-1 trials methodology. A detailed report by Kravitz et 

al. (2014) also discusses key considerations for the design and conduct of n-of-1 trials (29). The report 

states that it is aimed towards a wide audience (including patients, statisticians, and researchers). In 

the DIAMOND study, we worked with predominantly UK based stakeholders to develop a set of key 

points to consider for n-of-1 trials targeted at clinicians and trials methodologists interested in 

undertaking n-of-1 trials in the UK. Additionally, the DIAMOND project involved the development of 

key materials to support the analysis of these trials in order to reduce the impact of lack of statistical 

expertise in the use of n-of-1 trials. The project updated a previous review of n-of-1 trials by Gabler et 

al. (2011), which involved a comparison of the characteristics of n-of-1 trials in rare and non-rare 

diseases, between which the Gabler review did not distinguish.  

http://www.sheffield.ac.uk/scharr/research/centres/ctru/diamond
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Conclusions  
Clinical researchers who are planning an n-of-1 trial should consider the key points and utilise the 

additional materials that have been developed to assist in the design and analysis of the study. 

It is recommended that future work should develop targeted protocols for particular types of n-of-1 

trials, which could provide additional support with their design and implementation.  
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1. Introduction 
1.1. Introduction 

It has been argued that within-patient, multi-period, crossover trials (n-of-1 trials) are an underused 

methodology for the evaluation of new health technologies for patients (8). The DIAMOND project 

(Development of generalisable methodology for n-of-1 trials delivery for very low volume treatments) 

was undertaken to facilitate the implementation of n-of-1 trials in the evaluation of low volume 

treatments, such as those for rare diseases.  

1.2. Aims and Objectives  
DIAMOND aimed to facilitate the implementation of n-of-1 trials primarily by developing a set of key 

points to consider to support their design and providing associated training courses and a statistical 

analysis guide to assist with their implementation.  

Specific objectives were to: 

a) Review existing literature on n-of-1 trials, 

b) Conduct a stakeholder workshop to gain understanding of the questions that can be 

addressed using n-of-1 trials, the treatments that can be assessed, and possible trial outcomes, 

c) Generate key points to consider when designing n-of-1 trials, 

d) Provide two training courses (one for statisticians, one for non-statisticians) to disseminate 

findings, 

e) Produce a statistical analysis guide to enable analysis of n-of-1 trials in statistical packages SAS 

and R. 

1.3. Stages of the Project 
The first stage of the project was a review of the characteristics of previously conducted n-of-1 trials. 

This extended previous work by Gabler et al. (2011) which identified 108 n-of-1 studies to 2010 (7). 

Next, a stakeholder workshop was conducted to gain the perspectives of a range of stakeholders on 

the use and design of n-of-1 trials. The findings from the review and workshop were supplemented 

with discussions between project collaborators in order to ensure the key points to consider were 

appropriate. 

1.4. Ethical approval 
The project was reviewed by the University of Sheffield’s School of Health and Related Research’s 

independent Ethics Committee (application number 039799). 

1.5. Scope 
n-of-1 trials are designed to evaluate the effects of a health technology in an individual patient. They 

are referred to as “n-of-1” as the sample size is one patient. Often, a series of n-of-1 trials will be 

conducted. This report will refer to such as “n-of-1 studies”; they are made up of a number of n-of-1 

trials.  



16 
 

It should be noted that, for a study to be considered “n-of-1”, it must primarily assess the effect of a 

health technology at the level of the individual patient. When a series of n-of-1 trials are conducted, 

a secondary objective might be to estimate population level effects using meta-analysis. Such studies 

should be distinguished from group level crossover trials, where a large number of participants are 

randomised to a sequence of treatments and whose primary aim is estimation of population level 

effects.  

A simple way to ascertain whether a within-patient crossover study is an n-of-1 study is to consider 

whether the aim of the evaluation is to inform a treatment decision for that particular patient. If it is, 

then the study can be considered “n-of-1”.  

The project and its outputs are focussed on n-of-1 trials which randomise the treatment allocation to 

each period as these are widely favoured due to increased methodological rigour. However, many of 

the key points could be applied to the design of n-of-1 trials which do not randomise treatment 

allocation in this way. 

1.6. A note on language  
Throughout this report, the terms treatment and health technology are used to refer to the subject of 

the evaluation in an n-of-1 trial, such as a drug or medical device. The term ‘health technology’ was 

chosen to emphasise that not all n-of-1 trials evaluate ‘treatments’. However, it is acknowledged that 

the term ‘treatment’ is sometimes preferable, for example when referring to ‘treatment effects’. Thus 

both terms are used in this report according to context.  

It is important to note that the number of health technologies evaluated in an n-of-1 trial refers not 

only the active health technologies, but also their comparators. For example, an n-of-1 trial evaluating 

the effects of a drug compared to a placebo would be described as comparing two health technologies. 

In the same way, a ‘no intervention’ comparator would count towards the number of health 

technologies compared.  

1.7. Document Roadmap  
In the following chapters we provide a background to n-of-1 trials, followed by the methods and 

results of the DIAMOND project. Finally, we provide a set of key points to consider when designing 

and implementing n-of-1 trials in chapter 6, followed by a discussion of the results and future 

implications. 

The following report is set out as follows: 

- Chapter 2: Background to n-of-1 trials. The need for n-of-1 trials and the view that they are 

an underused design is outlined. Key literature and terms are summarised and potential 

reasons behind this underuse are highlighted.  

- Chapter 3: Statistical analysis guide. The statistical analysis both of individual n-of-1 trials and 

studies conducted as a series of n-of-1 trials is described. 

- Chapter 4: Review of previously conducted n-of-1 trials. A review of the design characteristics 

of n-of-1 trials since 2011 is reported upon. 

- Chapter 5: Development of a set of key points to consider. The steps taken to develop key 

points to consider for the design, implementation and analysis of n-of-1 trials are summarised. 

These were a workshop with key stakeholders (n-of-1 methodologists, patient representatives, 

clinicians), a discussion between the study team and collaborators, and a stakeholder 

dissemination and feedback event.  
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- Chapter 6: Key points to consider. A set of key points to consider for the design of n-of-1 trials 

are presented. Case studies are used to exemplify the points.   

- Chapter 7: Discussion. The main findings and implications of the DIAMOND project are 

discussed.  
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2. Background 
 

2.1. The need for n-of-1 trials  
When it comes to establishing that treatments have general efficacy, randomised controlled trials 

(RCTs) are widely considered the gold standard approach (9). Most such trials are parallel group trials. 

These use randomisation to determine which intervention a patient receives, ensuring there are no 

systematic differences between the groups of patients receiving each intervention and enabling the 

effects of unseen random differences to be estimated and appropriately reflected in standard errors 

and confidence intervals. This is important so that the extent to which any differences in outcomes 

between the groups can be attributed to the interventions they received may be assessed and 

uncertainties regarding such assessment can be expressed. 

Although these parallel-group RCTs cannot recruit a sample of patients that is perfectly comparable 

to target populations, a combination of judicious scales of measurement and background knowledge 

regarding relevant factors can be used to establish that they are generally useful. This is valuable for 

making inferences about the general utility of a treatment. However, it is not unreasonable to suppose 

that one could do even better by making more nuanced judgements as to when and for whom 

treatments should be used.  A typical approach to do this is to examine particular subgroups defined 

by characteristics that might plausibly affect the response to treatment. However, such an approach 

inevitably lacks precision since patients in the subgroups are fewer in number and sometimes much 

fewer than those in the trial as a whole. In any case, the approach is indirect. Where practical 

circumstances permit it a direct ‘trial of therapy’ is a possibility. 

‘Trials of therapy’ are informal evaluations of the effects of treatment on an individual patient and are 

a common tool used to inform decision making in routine clinical practice (1). They typically involve a 

patient ‘trying out’ a treatment for a period of time. If the treatment is deemed effective, the patient 

may continue to receive this treatment. If there is no perceived benefit of the treatment, the clinician 

may switch the patient to an alternative. However, without controlling for confounding variables, 

these evaluations will be prone to bias. As a result, these evaluations may be of limited use in 

determining the optimal treatment for a particular patient.  

n-of-1 trials are a type of crossover trial designed to optimise the evaluation of health technologies in 

individual patients. In these trials, a single patient receives one treatment for a period of time and 

then switches to receive another (10). Whilst receiving each treatment, outcomes will be assessed 

using appropriate measures in order that the effects of the treatment(s) under investigation can be 

established. The ‘switching’ is repeated, such that multiple measurements are obtained for each 

treatment. Usually, the order in which the patient receives the treatments is randomised. These n-of-

1 trials are RCTs conducted in individual patients. Such n-of-1 trials combine methodological rigour 

with the investigation of treatment effects in an individual patient to enable the determination of the 

optimal treatment for a particular patient.  

n-of-1 trials can be employed to study health technologies for conditions and treatments for which 

parallel-group RCT evidence is not available. Parallel group trials require a large sample of patients to 

study. This is not possible in all conditions. Rare diseases are those which affect fewer than one in 

2,000 people according to the European Union definition (11). If there is not a large patient population 

from which to sample, then it is difficult to conduct a parallel-group trial. n-of-1 trials do not require 

this and therefore could be implemented to research such conditions. Further to this, rare diseases 
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are typically highly heterogeneous, making the investigation of individual responses to treatment 

more valuable. Thus, n-of-1 trials might be an appropriate and practical way to study treatments for 

rare diseases (4,12). The burden of rare diseases is high; there are an estimated 5,000 – 8,000 rare 

diseases affecting an estimated 6.2% of the general population (13,14). The implementation of n-of-1 

trials in rare diseases could be one way of addressing this.  

 

Table 1: Key terms for n-of-1 trials 

Term Definition 

Period  The duration of time in which the patient receives one of the health 
technologies being evaluated.  

Crossover The switch of treatment from one period to another.  

Cycle A set of periods in which the participant receives all of the health 
technologies being evaluated.  

Pair A cycle comprised of two periods. 

Block A set of episodes of treatment for which random allocation has been 
constrained. For example if a two-treatment design comparing (say) 
A & B is blocked in pairs of periods then in each pair of treatments 
A will occur and so will B but the order will be random. If a block of 
four periods were chosen two As and two Bs will appear in every 
four periods but the order will be random. 

Washout  A period of time following a study period during which the 
participant receives no treatment. This is to ensure that any effects 
of the previous treatment do not carry over into the subsequent 
study period. 

Active washout The patient switches from one study period to the next, without a 
washout period. Outcomes are not assessed (or data from such 
assessments are ignored) for a period of time in order that the 
effects from the previous treatments have washed out before 
assessment of outcomes for the subsequent study period begins. 

Randomisation The treatment allocation to study periods is determined by chance. 

Health technology A broad term encompassing any treatment or intervention which 
might be evaluated using an n-of-1 trial e.g. a drug, behavioural 
intervention or medical device. 

Placebo A substance that has no therapeutic effect and is used as a control 
when testing a new drug. 

Repetition  n-of-1 trials are comprised of multiple cycles of study periods. This 
is to minimise the effect of random error (where the outcomes are 
affected by extraneous variables).  

Blinding  Where one or more parties are kept unaware of which treatment 
(e.g. active drug or a placebo) the participant is receiving at any 
given time. Clinicians, patients or outcome assessors can be blinded. 

 

2.2. n-of-1 trials in the literature 
n-of-1 trials were first introduced into the medical literature in 1986 by Gordon Guyatt and his 

colleagues at McMaster University, Canada, who described them as double-blind, randomised trials 

in which a single patient is allocated a series of treatments, typically a drug and placebo allocated in 

pairs of periods, the order being random (10). Variations on this design have since been described and 

are apparent in the literature.  
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A systematic review by Gabler et al. (2011) captured the characteristics of 108 randomised n-of-1 trials 

published since Guyatt et al.’s seminal paper (7). Although n-of-1 trials primarily assessed drug 

therapies in this period, they were also used to assess behavioural, surgical, and medical device 

interventions in myriad conditions. They compared a median of two health technologies (e.g. drug 

and placebo, range 2-6). Data were analysed using a variety of approaches, including comparison with 

specified statistical significance levels and visual examination of graphical data. There was high 

variability in the quality of reporting of n-of-1 trials, however, with some providing sufficient 

information to enable meta-analysis or to determine the outcome of the trial, for example, whether 

the patient’s treatment changed as a result of the trial findings. The n-of-1 trials captured in this review 

were varied in both their design and reporting quality and similar findings have since been reported 

elsewhere (15).  

In response to evidence of inadequate reporting of n-of-1 trials, the CONSORT extension for reporting 

n-of-1 trials (CENT) guidelines were developed (16). They include a checklist of items, adapted from 

the CONSORT 2010 checklist (17), which should be reported. These include items such as identifying 

the study as an n-of-1 trial in the title, outlining the rationale for using the n-of-1 design, and describing 

the method used to generate the sequence for treatment allocation. These guidelines were developed 

with the aim of improving the completeness of reporting of n-of-1 trials and were expected to be of 

use to authors of n-of-1 trials and to the reviewers who assess them (16). 

To date there has been one published review of n-of-1 studies in rare diseases (18). Müller et al. (2021) 

reviewed n-of-1 studies in rare genetic neurodevelopmental disorders such as Fragile X Syndrome and 

Down’s Syndrome. Twelve studies were identified, published between 1978 and 2017. Although they 

included randomisation in their definition of an n-of-1 trial, both randomised and non-randomised 

designs were eligible for inclusion. The studies had a mean of five participants and had wide variation 

in design elements such as number of periods and total study length. The included studies were 

assessed against the CENT criteria and vide variation in reporting quality was apparent. Nine of the 

studies had a predefined primary outcome measure, however it was only explicitly described as such 

in three studies. There was variation in how the results of the n-of-1 studies were interpreted. In nine 

of the studies, results were interpreted as generalizable to the population whereas the authors of two 

studies considered the trial findings as evidence applicable to the trial participant(s) only. One study 

did not report on interpretation of trial findings. Strengths of the included studies were identified as 

the intent to measure personalised and clinically relevant outcomes and the use of both subjective 

and objective measures of treatment effect. The authors identified difficulty with the statistical 

analysis of n-of-1 trials as a limitation of the studies. This review highlighted that, whilst being an area 

well suited to the study design, the use of n-of-1 trials has been limited in rare genetic 

neurodevelopmental disorders. 

A user’s guide to the design and implementation of n-of-1 trials was commissioned by the agency for 

Healthcare Research and Quality in the US (19). This document aimed to improved understanding of 

n-of-1 trials and implementation in a very broad audience. It provides guidance and information on a 

range of issues and considerations for n-of- trials.  

2.3. An underused design 
n-of-1 trials remain an underused design for the evaluation of health technologies in individual 

patients (8). It is worth considering the possible reasons behind this underuse, in order that they may 

be addressed to facilitate the wider implementation of n-of-1 trials.  
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Richard Kravitz examined this question by consulting some of the key figures in the n-of-1 movement 

(6). He highlighted a range of potentially contributing factors, including conceptual confusion about 

whether n-of-1 trials ought to be considered a research tool, or an approach to optimising routine 

clinical care. n-of-1 services have been some of the most successful approaches to n-of-1 

implementation and these tend to align themselves with the view of n-of-1 trials as a clinical service 

involving research methods (1). These research methods, including randomisation and blinding, may 

mean the trials must comply with research governance. Many of the challenges associated with 

implementing n-of-1 trials in routine care are structural and regulatory (20). The challenges associated 

with n-of-1 trials as a research tool might be more amenable to influence through education and 

guidance, for example, clinicians not believing in the clinical value of n-of-1 trials; lack of 

understanding of the technical and statistical elements of the design (6). If these are factors 

contributing to the underuse of n-of-1 trials, then it might be possible to increase their 

implementation but improving understanding of their design and methods.  

2.4. The present study 
The DIAMOND study addresses the problem of n-of-1 trials being underutilised, particularly with 

respect to their potential in rare disease research. It provides guidance in the form of a set of key 

points to consider for the design and use of n-of-1 trials with associated case studies to provide 

examples in the literature and freely available training and materials to support the statistical analysis 

of n-of-1 trials. Importantly, the key points to consider were developed alongside key stakeholders to 

help ensure they are practicable and acceptable.  
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3. Statistical analysis guide 
 

3.1. Introduction 
This chapter may be used as a guide to the statistical analysis of n-of-1 studies. It begins by describing 

a study undertaken in a single patient before extending the analysis to where a series of n-of-1 trials 

have been carried out. 

3.2. Randomisation 
n-of-1 studies comparing two treatments are often designed such that, within a given pair of periods, 

each treatment is used once (21–23). These pairs of periods are referred to as cycles (24). 

With this design, a study comparing two treatments over six periods would comprise of three cycles.  

Table 2 gives all possible sequences for a study designed in this way. If the study involved only one 

patient, then that patient would be allocated at random to one of the eight possible sequences.  

Table 2. Set of sequences for a design using six periods arranged in three cycles. 

 Periods 

 1 2 3 4 5 6 

Sequence Cycle 1 Cycle2 Cycle 3 

1 A B A B A B 

2 B A A B A B 

3 A B B A A B 

4 B A B A A B 

5 A B A B B A 

6 B A A B B A 

7 A B B A B A 

8 B A A A B A 

 

If there are k possible cycles in which patients can be treated, there will be 2k possible sequences. The 

advantage of this design is that after two periods a patient will have experienced both treatments 

which is informative. It also prevents a sequence in the form of AAABBB where a patient may not 

experience the second treatment (‘B’) until the fourth period (in a 6-period design).  

If a series of n-of-1 trials are being carried out, then blocking could be introduced so that, for example, 

with a block size of 8, for every 8 patients, each would be allocated to one of the eight sequences at 

random, all 8 sequences being used. The disadvantage of such blocking would be that the number of 

patients recruited would have to be a multiple of 8.  

3.3. Analysis of an n-of-1 trial 
For an individual n-of-1 trial, the analysis is often descriptive. A useful plot of the data is given in Figure 

1. The data are from patient 1 in Table 4 later in the chapter. The figure gives the plotted paired 

treatment data for each cycle, showing that the outcome for treatment B is consistently higher than 

that for treatment A for this patient.  

To assist in the interpretation of such data, it could be informative to define clinically meaningful 

effects for an outcome above which it could be concluded there is a treatment effect.  
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Figure 1. Paired treatment effects by cycle. 

A further informative plot is Figure 2. Here, the result for each cycle is represented by a red circle 

plotting the value under B (y-axis) against that under A (x-axis). The diagonal line represents equality 

between the two treatments. The average value over all cycles is given by a black square.  

The figure is complementary to Figure 1.  The red circles are generally above and to the left of the line 

of equality suggesting that B has an effect bigger than A.   

For both figures the analysis could be repeated across several clinical outcomes to help to quantify 

the effect of treatment. 
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Figure 2. Treatment responses by cycle. 

 

3.3.1. Interim summary 
Analysis of a single n-of-1 trial is often descriptive and might be conducted across a number of clinical 

outcomes to help determine whether there is an effect of treatment. As far as possible, the analysis 

of the study should be prespecified along with definitions of clinically meaningful effect sizes.  

3.4. Analysis of several trials  
A number of different questions can be addressed when a series of n-of-1 trials have been undertaken 

(25). 

Table 3. Research questions from n-of-1 trials 

1. What was the effect for individual patients 
in the trials? 
 

This question would be initially addressed by 
undertaking analyses for each individual n-of-1 study but 
can also be revisited when analysing data across 
patients. 

2. Was there an effect of treatment in the 
trials? 
 

As well as if there is an effect, is it a clinically meaningful 
effect? 

3. Was the treatment effect identical for all 
patients in the trials? 
 

If the effect is not identical is there a subgroup of 
patients for whom there is an effect? 

4. What was the average effect of treatment 
in the trials that were run? 
 

Given point 3. this average could be across all patients or 
across a subgroup of patients 

5. What will be the effect of treatment when 
used more generally (in future)?  
 

This will inform treatment decisions for patient 
population in whom the n-of-1 trials have been 
undertaken. 

 

The following analyses will be organised according to these questions, using simulated data presented 

by Araujo et al (26) for illustrative purposes. In the imagined data set 12 patients have been 
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randomised in three cycles to treatment A followed by B or B followed by A. The table gives the periods 

in which the patients received A or B. For example, Patient 1 received treatment A in periods 1, 3 and 

6 and treatment B in periods 2, 4 and 5. The first ten patients have completed all three cycles of 

treatment. However, patient 11 has only completed two cycles of treatment and patient 12 has only 

completed 1. This has been done to illustrate a complication in analysis that may arise in practice. We 

thus have data from ( )10 3 2 1 33 + + = cycles and therefore from 2 33 66 = periods. 

Table 4. A simulated set of n-of-1 trials of FEV1 (mL) outcome data. 

 Treatment 

Patient A B A B A B 

1 1 2 3 4 6 5 
 2394 2686 2515 2675 2583 2802 
             

2 2 1 3 4 6 5 
 2746 2726 2592 2867 2743 2742 
             

3 1 2 3 4 6 5 
 2668 2560 2542 2584 2491 2737 
             

4 1 2 3 4 6 5 
 2397 2696 2411 2895 2499 2760 
             

5 2 1 3 4 5 6 
 3179 3221 2952 3096 2600 3192 
             

6 1 2 4 3 5 6 
 2643 2496 2759 2847 2651 2860 
             

7 1 2 3 4 5 6 
 2678 2843 2492 2763 2801 2890 
             

8 2 1 3 4 5 6 
 2887 2862 2875 3083 2689 2967 
             

9 2 1 3 4 6 5 
 2490 2841 2648 3044 2688 2914 
             

10 2 1 3 4 6 5 
 2268 2576 2413 2493 2344 2699 
             

11 2 1 4 3 6 5 
 2617 2923 2629 2832   
           
12 1 2 4 3 5 6 

   2627 2759     
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The first step is to consider the individual trials. For example, Figure 1 could be repeated through a 

trellis plot. Figure 3 presents the data from the first nine patients from Table 4. After analysing the 

data descriptively, more formal analysis could be undertaken. This assessment will help to answer the 

first three questions from Table 3. 

Figure 3. Paired treatment responses by patient. 

 

3.4.1. Demonstrating that there can be a difference between treatments  

The relevant null hypothesis here is that there is no difference between treatments for any of the 

patients. If that is the case, under the null hypothesis, it does not matter which patient is studied, the 

result may be expected to be the same. Thus, a matched pair analysis on all 33 cycles can be carried 

out.  

The data have been reduced to differences by cycle and patient and are presented in Table 5. The 

differences can be analyses by a one-sample t-test for which the statistics in Table 6 are produced.  

The calculations for Table 5 and Table 6 are given in the Excel file detailed in Table 13 in the sheets 

‘Data’ and ‘By Cycle’.  
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Table 5. Differences (Treatment B - Treatment A) per cycle arranged by patient 

 Cycle 

Patient 1 2 3 

1 292 160 219 

2 -20 275 -1 

3 -108 42 246 

4 299 484 261 

5 42 144 592 

6 -147 88 209 

7 165 271 89 

8 -25 208 278 

9 351 396 226 

10 308 80 355 

11 306 203 . 

12 132 . . 

 

Table 6. Summary statistics for a one-sample t-test based on differences per cycle. 

Statistic Value Explanation 

n 33 Number of cycles 

Mean 194.55 mL Mean of the 33 cycles 

95% CI 137.2 to 
251.9  

Plausible range for the mean response 

P-value <0.001 Probability under H0 a t-statistic with 32 DF will be  6.91 or -6.91 

 

This particular analysis can be criticised. This is because it is treating each data point as an estimate of 

effect such that there are more data points in the analysis than there are people and, as a 

consequence, more degrees of freedom than people.  

The calculations in Table 6 can be criticised. Whilst it is reasonable to assume by hypothesis that the 

treatment effect is constant for all patients when we are testing that this effect is zero for them all, as 

soon as we allow that the effect is not zero, it becomes plausible that it might vary from patient to 

patient. If we regard the patients as being fixed, that is to say that we are only making a statement 

about these patients, then we could claim that this source of variation would not contribute to the 

treatment estimate changing were we to repeat the experiment.  However it will contribute to the 

overall estimate of variation that we have used.  

This source of variation can be eliminated by constructing variance estimates patient by patient. The 

calculations are given in Table 7. 
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Table 7. Intermediate calculation for estimating the common within-patient variance (note that the units of variances and 
sums of squares are mL2 of FEV1). 

Patient DF Variance 
Sum of 
Squares 

1 2 4372.3 8744.7 

2 2 27260.3 54520.7 

3 2 31572 63144 

4 2 14233 28466 

5 2 85601.3 171202.7 

6 2 32767 65534 

7 2 8356 16712 

8 2 25166.3 50332.7 

9 2 7758.3 15516.7 

10 2 21636,3 43272.7 

11 1 5304.5 5304.5 

12 0 0 0 

Total 21  522750.5 

 

Here the column labelled DF gives the degrees of freedom patient by patient and is equal to the 

number of cycles minus 1. The column labelled Variance gives the local estimate of the variance of the 

differences (B-A) patient by patient. For patient 12 the value is zero since the patient was only studied 

in one cycle and hence there is only one difference. The column labelled Sum of Squares is obtained 

by multiplying the variance by the degrees of freedom. The overall sum of squares is 522,750.5 and if 

this is divided by the total DF, 21, we obtain 24,893, which is thus out estimate of the variance on the 

assumption that variability does not vary from patient to patient. The standard error is 157.8.  

The consequent calculations are summarised in Table 8. These calculations are given in the Excel file 

detailed in Table 13 in the sheets ‘Data’ and ‘By Patient’. 

Table 8. Summary statistics to perform a one-sample t-test based on differences per cycle with the patient by treatment 
interaction removed from the variance estimate. 

Statistic Value Explanation 

n 33 Number of cycles 

Mean 194.55 mL Mean of the 33 cycles 

95% CI 137.4 to 
251.7  

Plausible range for the mean response 

P-value <0.001 Probability under H0 a t-statistic with 32 DF will be  7.08 or -7.08 

 

A criticism of this analysis is that, if we do not regard the patients as fixed then we have not reflected 

the variation from patient to patient enough, since our estimate is based on using cycles as the unit 

of inference rather than patients. 

3.4.2. Putting more general bounds on the treatment effect 
One way of proceeding is to reduce the differences to a mean per patient and then perform an analysis 

using these 12 means differences as our raw input.  The data are presented in TABLE X. We shall ignore 
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the column labelled standard error for the moment. (We shall use this later.) Instead, we just base our 

analysis on the 12 per patient estimates. 

Table 9. Mean per patient. 

223.7 

84.7 

60.0 

348.0 

259.3 

50.0 

175.0 

153.7 

324.3 

247.7 

254.5 

132.0 

 

If we carry out a one-sample t analysis on these values, we can summarise the results as in Table 10. 

Summary statistics for a one-sample t-test based on differences per patient. 

The calculations in Table 10 are given in the Excel filed detailed in Table 13 in the sheets ‘Data’ and ‘By 

Patient’.  

Table 10. Summary statistics for a one-sample t-test based on differences per patient. 

Statistic Value Explanation 

n 12 Number of patients 

Mean 192.74 mL Mean of the 12 patient means 

95% CI 129.5, 
255.9 

Plausible range for the mean response 

P-value <0.001 Probability under H0 a t-statistic with 11 DF will be  6.71 or -6.71 

 

The result from this analysis is similar to that reached before. However, the analysis is conceptually 

different to that previously provided as it is relevant to a different question: what can we say about 

the mean effect in general, not just for patients studied?  

3.4.3. Meta-analytic approaches  
A set of n-of-1 trials such as we have been considering is analogous to a collection of results from 

independent clinical trials, such as might be summarised in a meta-analysis. Existing tools for meta-

analysis can be adapted to perform the analysis of a set of n-of-1 trials.  

There is one important change in data-preparation that is, however, necessary. Standard meta-

analytic approaches assume that the standard errors used to calculate the weights are themselves 

calculated without error. This is not true as estimated standard errors are random variables not known 

parameters. However, if the associated degrees of freedom are reasonably large, this assumption does 

not matter. For n-of-1 trials, however, the degrees of freedom are typically small. In our example, 

there are no more than two per patient. Naively estimating the variances independently is unwise (27). 

It is better to use a pooled variance to do so. 
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Thus, we impose an assumption that the within-patient variation between estimates per cycle is 

constant across patients. We then proceed to estimate the variance. The approach is illustrated in 

Table 11. 

For each patient the degrees of freedom are calculated as the number of cycles in which they were 

treated minus one. The values are shown in column two. The sample variance of the estimated 

treatment effect for each patient is calculated and given in column three. The product of the values in 

columns two and three gives the sums of squares (corrected by the mean), which is shown in column 

four. (If the available statistical software package has a standard function available for the corrected 

sum of squares, it may be easier simply to calculate column four directly.) The sum of the values in 

column four is 522750.5 mL2. Dividing the total sum of squares by the total degrees of freedom, 21, 

yields an estimated variance of 24892.9 mL2 and the square root of this is 157.77 mL 

Table 11. Intermediate calculation to estimate the common within-patient variance. (Note that the units of variances and 
sums of squares are mL2 of FEV1). 

Patient DF Variance 
Sum of 
Squares 

Standard 
Error 

1 2 795 8744.7 91.09 

2 2 4956.4 54520.7 91.09 

3 2 5740.4 63144 91.09 

4 2 2587.8 28466 91.09 

5 2 15563.9 171202.7 91.09 

6 2 5957.6 65534 91.09 

7 2 1519.3 16712 91.09 

8 2 4575.7 50332.7 91.09 

9 2 1410.6 15516.7 91.09 

10 2 3933.9 43272.7 91.09 

11 1 482.2 5304.5 111.56 

12 0 0 0 157.77 

Total 21  522750.5  
 

Note that since patient 12 was only treated in one cycle, it is impossible to estimate a variance for 

them. However, using the data from other patients we assume that the estimated standard deviation 

for them is the same as for all patients and is thus 157.8 mL. Since the estimate for this patient is only 

based on one cycle, the standard error for them is the same as the standard deviation since 

1157.77 157.77 mL mL= .  

In general if a patient was treated in k cycles, we have SE s k= where s is the estimated pooled 

standard deviation (157.77 mL for this example). For patient 11 we have k = 2 and for all other patients 

k = 3. Substituting these values of k yields the standard errors given in Table 12. 
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Table 12. Summary statistics per patient for a meta-analysis. 

Per patient 
estimate 

Standard 
error 

223.7 91.09 

84.7 91.09 

60.0 91.09 

348.0 91.09 

259.3 91.09 

50.0 91.09 

175.0 91.09 

153.7 91.09 

324.3 91.09 

247.7 91.09 

254.5 111.56 

132.0 157.77 

 

We can now apply standard meta-analytic approaches to the data in Table 12. Figure 4 illustrates the 

analysis using Guido Schwarzer’s meta package (28). 

Figure 4. Results of a meta-analysis. 

 

This provides both a fixed and a random effects analysis. For this example, the results are very similar. 

Furthermore, the point estimate of 194.55 is identical to that reached for the matched pairs analysis 

of the 33 cycles. This is because the standard errors patient by patient have been calculated using the 

same variance, the difference between them merely reflects the numbers of cycles for which 

information was obtained.  

The standard error is different, however. This is based on 21 degrees of freedom rather than 32. The 

extent to which results vary from patient to patient have been removed from the estimate of the 

variance. The difference is 11 degrees of freedom and these are the degrees of freedom that 

correspond to the treatment-by-patient interaction.  
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The random effects meta-analysis estimate has a slightly wider confidence interval. This is because it 

provides an estimate of the treatment effect that would apply were it the case that the patients that 

have been studied were no longer fixed but could be regarded as a random sample from a wider but 

‘similar’ population. Thus the terms that the interaction measures are no longer regarded as being 

fixed but values that might be different from one occasion to another. Thus this uncertainty is 

incorporated in the confidence intervals.  

In favour of the random effects analysis is the fact that it addresses a more important question. Against 

it is the fact that strong assumptions (the similarity of patients studied with those in the target 

population) have to be made. 

3.4.4. How meta-analysis can inform decisions for an individual patient 
Even if there were a treatment effect with a meat difference of µ between treatments, not every 

patient would observe this effect – half of the patients would see an effect greater than µ and half 

smaller than µ. In fact, if the alternative hypothesis is true, we would expect to see a range of 

responses with µ being the average effect.  

Suppose patients 1, 2, 3, and 4 are a subpopulation of patients – presented in Figure 3– whom we 

wish to analyse. Looking at the individual data there does seem to be an effect for patients 1, 2 and 4 

but the evidence for patient 3 is equivocal.  

If there is no reason to believe patient 3 to be different to the other patients then the results from the 

meta-analysis could be used to inform the treatment decisions for that patient. Thus, there would be 

benefit for individual patients from the meta-analysis.  

3.4.5. Estimates of effect for individual patients  
It is possible that superior estimates of effect for individual patients can be obtained by using the 

results from others. This is because a series of n-of-1 trials will provide two sorts of information for a 

given individual, namely personal and global, the former using only a given patient’s data and the 

latter all of the data. Each of these is an unbiased estimate of the effect for a patient and they may be 

combined to produce a so-called shrunk estimate as follows 

( )1shrunk w personal w global=  + −  

Where w is a weight between 0 and 1. The greater the value of w, the greater attention we pay to the 

information from the given patient. The estimate is referred to as shrunk because the result will lie 

between personal and global and so may be regarded as having shrunk towards the latter compared 

to the former. An alternative term is best linear unbiased predictor (BLUP).   

Just as we combine information from a meta-analysis by weighting the trial proportionately to the 

inverse of the variances of their estimates, so we weight these two sorts of information inversely 

according to their variances. 

Fortunately, this sort of question is addressed in various meta-analytic packages. For example, the 

metafor package (29) within R has a blup( ) function that will do this.  

3.5. Use of programs  
Programs have been provided in SAS, Genstat and R which undertake the fixed and random effects 

meta-analysis methods described in this chapter. There are also programs for undertaking sample size 

calculations across a series of n-of-1 trials which have not been described.  Descriptions of the 

programs are given in Table 13. Statistical programs for the analysis of n-of-1 trials.. 
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Table 13. Statistical programs for the analysis of n-of-1 trials. 

Package Program Description 

Excel Excel Tutorial Calculations The document undertakes the calculations illustrated in 
Table 5, Table 6, Table 8 and Table 10. 

SAS Diamond example analysis mixed balance This program analyses the data using the methods 
described in the chapter.  It uses a data set for which there 
is complete data for all the patients (6 treatment periods 
and 3 cycles). 

 Diamond Example analysis mixed 
unbalanced 

This program analyses the data using the methods 
described in the chapter. The data set does not need to be 
complete data and the data set used as an example is the 
same as that in the chapter. 

 Diamond sample size This program produces sample size calculations for 
estimating the overall mean from a set of n of 1 trials.  
Fixed and random effects methods are undertaken. 

R Diamond N of 1 linear model analysis This program does the same calculations as “Diamond 
example analysis mixed balance” in SAS. 

 Diamond N of 1 linear model analysis 
unbalanced 

This program does the same calculations as “Diamond 
example analysis mixed unbalanced” in SAS. 

 Diamond N of 1 sample size This program does the same calculations as “Diamond 
sample size” in SAS. 

GenStat Diamond n of 1 simulation analysis This program does the same calculations as “Diamond 
example analysis mixed balance” and “Diamond example 
analysis mixed unbalanced” in SAS.  It also does additional 
analyses including trellis plots. 

 Diamond n of 1 power This program does the same calculations as “Diamond 
sample size” in SAS. 

 

3.6. Summary 
This chapter has described the methods for the analysis of n-of-1 studies from the simple case of a 

single n-of-1 trial to combining a series of n-of-1 trials in a meta-analysis.  
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4. Review 
4.1. Introduction 
A review of the characteristics of n-of-1 trials was conducted, updating previous work by Gabler et al. 

(2011) (7).The review was later used to guide the development of key points to consider for the design 

and implementation of n-of-1 trials in the stakeholder workshop. 

4.1.1. Aims  
• To provide an overview of the characteristics of published n-of-1 trials between 2011 and 2021. 

• To understand whether the characteristics of n-of-1 trials in rare disease areas differ from 

those in non-rare disease areas.  

4.2. Methods  

4.2.1. Trial identification 
Searches were conducted on 5th May 2021 using PubMed, EMBASE, Web of Science, the NIHR Journals 

library and clinical trials registries (ISRCTN and ClinicalTrials.gov). The term “n-of-1” was searched in 

the “Title” field and a filter was applied to retrieve results published since 2011. It was agreed that 

using the search term “n-of-1” only would capture the relevant results.  

The titles and abstracts of the resulting articles were screened, and those that did not report on an n-

of-1 trial were excluded. Full text screening for eligibility was conducted by one reviewer [OH] and a 

random 10% of these were independently checked by a second reviewer [RC]. If there were any 

questions on a study from OH, then they were discussed with SAJ. 

The following eligibility criteria were used: 

a) The article had to report on an interventional study in a human population 

b) The article had to present the protocol for or the results of a study. 

c) The order of treatment episodes had to be randomised, where the unit of randomisation was 

the individual treatment episodes 

d) Where multiple n-of-1 trials were conducted within a study, the primary analysis had to be at 

the level of the individual 

e) Abstracts were included where no full text was available, given they included sufficient 

information for data extraction. 

f) Papers in languages other than English were excluded unless an English abstract meeting 

criterion (e) was available.  

g) Reviews of n-of-1 studies were excluded. 

4.2.2. Data Extraction 
Data were extracted by one reviewer [OH] into Microsoft Access (2016) and a random 10% of these 

were independently checked by a second reviewer [RC]. Variables for extraction were adapted from 

Gabler et al. (2011) and equivalent categories were used where appropriate. Where additional 



35 
 

variables were extracted, categories were developed by OH. If there were any questions, these were 

discussed with RC and SAJ until consensus was reached.  

The variables for data extraction were: 

General characteristics: Publication year, funding, region, type of publication (e.g. protocol). 

Sample characteristics: Target sample size (for protocols only), number of patients randomised, 

number of patients completing, age of participants. 

Design and intervention characteristics: Intervention type, health/disease area, rare disease, number 

of treatments, number of periods, period length, number of crossovers, number of cycles, washout, 

length of washout, randomisation in pairs, type of comparator, blinding, total duration. 

Outcome characteristics: Method of primary outcome measurement, frequency of outcome 

measurement, definition of response to treatment, treatment change subsequent to trial completion. 

Analysis characteristics: Type of analysis, meta-analysis, reporting of numerical results, p values, and 

significance level. 

A full list of variables and categories is available in appendix 1. 

4.2.2. Data Analysis 
Descriptive statistics were produced for all variables. Discrete variables were expressed as number 

and percentages, and continuous variables were expressed as medians, modes and ranges. Missing 

data were coded as ‘not reported’ for discrete variables and excluded from the analysis of continuous 

variables.  

4.3. Results  
Searches identified 1416 records and, after the removal of duplicates, 869 unique records were 

screened. Of these, 243 were sought for retrieval and 52 records were found to be eligible for inclusion. 

No additional records were identified by hand searching the references of nine reviews of n-of-1 trials. 
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Figure 5. Selection of reports (30) 

 

4.3.1. General characteristics  
Eight studies (15.4%) were in rare diseases and 44 (84.6%) were in non-rare diseases. 12 (23.1%) were 

protocols for n-of-1 studies and the remainder (n=40, 76.9%) reported on the results of completed 

studies.  
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The majority of studies reported receiving funding (n=32, 61.5%). Eight studies (15.4%) did not receive 

any funding, all of which were in non-rare disease areas. They spanned a range of health and disease 

areas, with the most common being neuropsychiatric conditions (n=16, 30.8%). Four studies (7.7%) 

were not conducted in a specific disease area e.g., blood transfusion dependent patients (31,32)  

The studies were conducted in a range of countries. These included, but were not limited to, the UK 

(n=5. 9.6%), the Netherlands (n=6, 11.5%), China (n=7, 13.5%), Australia (n=7, 13.5%), USA (n=9, 17.3%) 

and Canada (n=6, 11.5%). Most of the studies in rare disease areas were conducted in the Netherlands 

(n=5, 62.5%). 
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Table 14. General characteristics of n-of-1 studies. 

Variable  

Disease type 

Rare Non-rare Total 

n % n % n % 

Protocol Yes 2 25.0 10 22.7 12 23.1 

 No 6 75.0 34 77.3 40 76.9 

        

Funding Yes 6 75.0 26 59.1 32 61.5 

 No 0 0.0 8 18.2 8 15.4 

 Not Given 2 25.0 10 22.7 12 23.1 

        

Region UK 0 0.0 5 11.4 5 9.6 

 Netherlands 5 62.5 1 2.3 6 11.5 

 France 1 12.5 2 4.5 3 5.8 

 China 1 12.5 6 13.6 7 13.5 

 Australia 0 0.0 7 15.9 7 13.5 

 USA 1 12.5 8 18.2 9 17.3 

 Canada 0 0.0 6 13.6 6 11.5 

 Finland 0 0.0 1 2.3 1 1.9 

 Germany 0 0.0 1 2.3 1 1.9 

 Italy 0 0.0 2 4.5 2 3.8 

 Norway 0 0.0 1 2.3 1 1.9 

 Portugal 0 0.0 1 2.3 1 1.9 

 Sweden 0 0.0 1 2.3 1 1.9 

 Korea 0 0.0 1 2.3 1 1.9 

 Colombia 0 0.0 1 2.3 1 1.9 

        

Health/disease area Cancer 0 0.0 2 4.5 2 3.8 

 Cardiovascular 0 0.0 4 9.1 4 7.7 

 Chronic pain 0 0.0 2 4.5 2 3.8 

 Gastrointestinal 0 0.0 3 6.8 3 5.8 

 Genitourinary 1 12.5 1 2.3 2 3.8 

 High cholesterol 0 0.0 1 2.3 1 1.9 

 Musculoskeletal 2 25.0 2 4.5 4 7.7 

 Neuropsychiatric 3 37.5 13 29.5 16 30.8 

 Non-specific 0 0.0 4 9.1 4 7.7 

 Nutrition 0 0.0 1 2.3 1 1.9 

 Other 0 0.0 3 6.8 3 5.8 

 Physical activity 0 0.0 3 6.8 3 5.8 

 Pulmonary/respiratory 1 12.5 4 9.1 5 9.6 

 Thyroid disorder 0 0.0 1 2.3 1 1.9 

 Diabetes 1 12.5 0 0.0 1 1.9 
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4.3.2. Sample characteristics 
Most of the included studies included adult participants (n=40, 76.9%). 23 (44.2%) included adults 

aged over 65 years (“older adults”) and nine (17.3%) included participants aged under 18 years. The 

number of patients included in the studies ranged from 1 to 60. The median number of patients was 

9. 11 (21.2%) included a single patient only. Of the 12 included study protocols, 10 (83.3%) reported a 

target sample size; these ranged from 4 to 75 patients.  

Table 15. Sample characteristics of n-of-1 studies. 

 Disease type 

Rare Non-rare Total 

Variable n % n % n % 

Age group Infant 1 12.5 0 0.0 1 1.9 
 Child 0 0.0 8 18.2 8 15.4 
 Adult 6 75.0 34 77.3 40 76.9 
 Older adult 1 12.5 22 50.0 23 44.2 
 Not reported  1 12.5 1 2.3 2 3.8 

 

4.3.3. Intervention and design characteristics  
Studies were mostly of pharmaceutical interventions (n=35, 67.3%). Other intervention types were 

medical devices (n=4, 7.7%), behavioural interventions (n=3, 5.8%), dietary interventions (n=3, 5.8%) 

and surgery (n=1, 1.9%). The study evaluating a surgical intervention was of deep brain stimulation for 

essential tremor (33).The remaining 6 studies (11.5%) were classed as ‘other’ health technologies. 

They included two studies of blood transfusions (31,32), one investigating methods of tube feeding 

neonates (34), one of shiatsu (35), one of airway clearance techniques (36) and one looking at the 

topical application of vegetable oils (37). 

The median number of health technologies compared in the studies was two (range 2-4). Studies most 

commonly compared two health technologies (n=43, 82.7%). Seven studies (13.5%) compared three 

health technologies, and one compared four (3.8%) (38). The median number of periods was six (range 

2-60); 22 studies had six periods (43.3%). The median period length was 14 days (range <1-56). The 

median number of cycles was three (range 1-16).  

Most of the included studies were placebo controlled (n=34, 65.4%). Others used active comparators 

(n=12, 23.1%), sham devices (n=4, 7.7%), and no intervention arms (n=4, 7.7%). Two studies (3.8%) 

used more than one control comparator. One used a placebo and a no intervention condition to 

investigate the side effects of statins (39) and the other used an active comparator and a placebo in a 

study determining the most suitable placebo for nerve block injections (40). 

The majority of studies blinded participants to treatment allocation (n=41, 78.8%). Of those that did 

not incorporate blinding, three were of behavioural interventions (27.3%) (38,41,42), three were of 

intervention types classed as ‘other’ (27.3%) (35,36,43), two were of dietary interventions (18.2%) 

(34,44), one was of a medical device (9.1%) (45), and one was of a pharmaceutical intervention (9.1%) 

(46). Blinding was not incorporated either because it was not possible to blind participants due to 

identifying characteristics of the health technologies or because the patients were infants, and it was 

therefore assumed to be unnecessary (34). 

Washout periods were used in 23 studies (44.3%). The median washout length was 7 days (range 2-

90). Washout periods were most commonly two days long (n=5, 9.6%). The median total study 

duration was 84 days (range 6-406).  
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Table 16. Intervention and design characteristics of n-of-1 studies 

Variable  

Disease type 

Rare Non-rare Total 

n % n % n % 

Intervention type Pharmaceutical 6 75.0 29 65.9 35 67.3 

 Medical device 1 12.5 3 6.8 4 7.7 

 Surgery 0 0.0 1 2.3 1 1.9 

 Behavioural 0 0.0 3 6.8 3 5.8 

 Other 1 12.5 8 18.2 9 17.3 

        

Comparator type * Placebo 5 62.5 29 65.9 34 65.4 

 Sham 0 0.0 4 9.1 4 7.7 

 Active treatment 3 37.5 9 20.5 12 23.1 

 No intervention 0 0.0 4 9.1 4 7.7 

        

Blinding employed Yes 6 75.0 35 79.5 41 78.8 

 No 2 25.0 9 20.5 11 21.2 

        

Washout period  Yes 4 50.0 19 43.2 23 44.2 

 No 4 50.0 25 56.8 29 55.8 

 

Rare diseases Non-rare diseases Total 

Median Min Max Median Min Max Median  Min Max 

Number of health 
technologies   2 2 3 2 2 4 2 2 4 
Number of 
periods   6 2 9 6 2 60 6 2 60 
Period 
length(days) 21 4 28 14 1 56 14 1 56 

No. of cycles 3 1 3 3 1 16 3 1 16 

Washout length 4.5 2 7 14 2 90 7 2 90 

Study length 42 16 252 84 6 406 84 6 406 

 

4.3.4. Outcome characteristics  
The majority of studies measured the primary outcome using patient reported outcome measures 

(PROMs, n=37, 71.2%). Other methods of outcome measurement were using a behavioural test (n=2, 

3.8%), a clinical assessment (n=1, 1.9%), a measure of physical activity (n=2, 3.8%), a physiological 

parameter (n=9, 17.3%). One study (1.9%) included two primary outcomes, of which used a PROM and 

one which used a lab parameter (47).Most studies measured the primary outcome at regular intervals 

(n=33, 63.5%). Primary outcomes were most frequently measured daily (n=15, 45.5% of those 

measuring at regular intervals).  
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Whether a patient had responded to the treatment was judged in terms of statistical significance in 

18 studies (34.6%), clinical significance in 19 studies (36.5%) and not reported in 15 studies (28.8%). 

Table 17. Outcome characteristics of n-of-1 trials 

Variable 
 

Disease type 

Rare Non-rare Total 

n % n % n % 

Primary outcome 

measurement Behavioural test 0 0.0 2 4.5 2 3.8 

 Clinical assessment 0 0.0 1 2.3 1 1.9 

 Patient report 6 75.0 31 70.5 37 71.2 

 

Physical activity 

measure 0 0.0 2 4.5 2 3.8 

 Physiological 2 25.0 7 15.9 9 17.3 

 

Lab parameter + 

patient report 0 0.0 1 2.3 1 1.9 

Outcome measurement 

at regular intervals Yes 6 75.0 27 61.4 33 63.5 

 No 2 25.0 17 38.6 19 36.5 

Frequency of outcome 

measurement More than daily 0 0.0 2 4.5 2 3.8 

 Daily 2 25.0 13 29.5 15 28.8 

 Weekly 3 37.5 6 13.6 9 17.3 

 Every 10 days 0 0.0 1 2.3 1 1.9 

 Fortnightly 0 0.0 2 4.5 2 3.8 

 Four-weekly 1 12.5 2 4.5 3 5.8 

 Eight-weekly 0 0.0 1 2.3 1 1.9 

 N/a 2 25.0 17 38.6 19 36.5 

Definition of treatment 

response.  Statistical 1 12.5 17 38.6 18 34.6 

 
Clinical 5 62.5 14 31.8 19 36.5 

 Not Given 2 25.0 13 29.5 15 28.8 
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4.3.5. Analysis characteristics  
The included studies used a range of approaches to analysis. The most common of these were t-tests 

(n=13, 25.0%), regression models (n=14, 26.9%), Bayesian approaches (n=8, 15.4%), and non-

parametric analyses (n=8, 15.4%). Other analysis approaches were visual inspection of graphical data 

(n=2, 3.8%) and time series analysis (n=1, 1.9%). Eight studies stated they did not use formal analysis 

methods (15.4%) and methods of analysis were not reported in six studies (11.5%). 

The majority of studies combined the data from multiple n-of-1 trials or, in the case of study protocols, 

planned to do so (n=32, 61.5%). There were nine studies which involved multiple participants but did 

not combine the data across n-of-1 trials (17.3%). Combining data from multiple n-of-1 trials was not 

possible in trials including only one patient (n=11, 21.2%). 

Approximately half of the studies reported numerical results (n=25, 48.1%) Reporting of numerical 

results was higher in the rare disease studies (n=5, 62.5%) than the non-rare disease studies (n=20, 

45.4%). 24 studies (46.1%) reported statistical significance. The significance level was 0.05 in 23 (95.8%) 

of these and 0.1 in one study (4.2%). P values were reported in 17 studies (32.7%). 
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Table 18. Analysis characteristics of n-of-1 studies 

Variable 
 

Disease type 

Rare Non-rare Total 

n % n % n % 

Analysis approach Bayesian 2 25.0 6 13.6 8 15.4 

 Non-parametric 1 12.5 7 15.9 8 15.4 

 Graph or visual inspection 0 0.0 2 4.5 2 3.8 

 T test 0 0.0 13 29.5 13 25.0 

 Regression model 4 50.0 10 22.7 14 26.9 

 

No formal statistical 

analysis 0 0.0 8 18.2 8 15.4 

 Other 0 0.0 1 2.3 1 1.9 

 Not Given 1 12.5 5 11.4 6 11.5 

Individual data 

pooled Yes 4 50.0 17 38.6 21 40.4 

 No 1 12.5 8 18.2 9 17.3 

 Planned 2 25.0 9 20.5 11 21.2 

 N/a (single patient) 1 12.5 10 22.7 11 21.2 

Numerical results 

reported Yes 5 62.5 20 45.5 25 48.1 

 No 3 37.5 24 54.5 27 51.9 

P values reported  Yes 1 12.5 16 36.4 17 32.7 

 No 7 87.5 28 63.6 35 67.3 

 

4.3.6. Summary of findings  
The review identified reports of 52 n-of-1 trials between January 2011 and May 2021. The 

characteristics of n-of-1 studies were consistent across those conducted in rare and non-rare disease 

areas. Studies were conducted in a variety of regions and assessed a wide range of health technologies. 

21.2% of studies were of an n-of-1 trial in one patient and the remainder were of a series of n-of-1 

trials, including between 2 and 60 participants.  

Studies typically assessed drug treatments and were placebo controlled. They had a median of six 

periods and three cycles. Most studies restricted randomisation with a block size equal to the number 

of treatment conditions under evaluation. They typically collected PROMs and used statistical 

significance to determine whether the patient had responded to treatment.  
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4.4. Conclusion  
n-of-1 trials have been implemented in a wide variety of health and disease areas to facilitate 

evidence-based clinical decision making. Those evaluating health technologies in rare diseases have 

been designed in a similar way as those in non-rare diseases. 
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4. Development of key points to consider 
5.1. Introduction 
In order to develop a set of key points to consider for the design and implementation of n-of-1 trials, 

a stakeholder workshop, collaborator discussion, and dissemination event were held. 

 

5.2. Stakeholder workshop 
A stakeholder workshop was conducted, in which key points to consider for the design and 

implementation of n-of-1 trials were discussed, in light of the findings from the review.  

 

5.2.1. Aims  
• To seek the perspectives of a range of stakeholders on key elements of the design and 

implementation of n-of-1 trials.  

• To generate discussion about the types of questions n-of-1 trials can be used to address, the 

treatments they can be used to evaluate, and their possible outcomes. 

 

5.2.2. Methods 

5.2.2.1. Participants 
We aimed to represent the following stakeholders at the workshop:  

a) Clinicians who have used n-of-1 trials, or who may wish to use them,  

b) statisticians, methodologists, or researchers with an interest in n-of-1 trials, 

c) people who have participated in an n-of-1 trial,  

d) people living with a rare disease or health condition that requires treatment, 

e) others with an interest in n-of-1 trials. 

These stakeholder perspectives were considered important for helping us to understand the types of 

research questions that can be addressed using n-of-1 trials, and when it may or may not be 

appropriate to undertake n-of-1 trials. 

Stakeholders were approached via email, utilising existing contacts within the team and finding 

additional stakeholders via the following avenues: 

a) Online advertisements (e.g. NIHR people in research), 

b) Contacting those with published work in this area, 

c) Contacting those who could use n-of-1 trials (e.g. GP surgeries, cancer units), 

d) Research networks, 

e) Word-of-mouth - those invited were welcome to extend the invitation to others they thought 

might be interested. 

Prior to the workshop, participants were provided with an information sheet explaining the purpose 

and format of the session. Additionally, OH met with the PPI representatives to provide some 

background information about n-of-1 trials and answer any questions they had, in order that they felt 

able to engage in the workshop discussions.  
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5.2.2.2.  Structure of the workshop 
The workshop consisted of a presentation of the findings from the review, followed by small group 

breakout sessions, and then a whole-group feedback session. Due to Covid-19 restrictions, the 

workshop was held online, via video conferencing, and was recorded to ensure accurate note taking. 

Verbal consent was obtained at the start of the workshop and participants were informed that they 

could leave the workshop at any time. 

The following questions were the focus of discussions in the breakout sessions: 

• When is it appropriate to use n-of-1 studies? When is it inappropriate? 

• When might an n-of-1 be used instead of a parallel group RCT? 

• What questions can be addressed using n-of-1 trials? 

• What treatments can be assessed using n-of-1 trials? 

• What are the benefits and challenges of undertaking and participating in n-of-1 trials?  

• What are the considerations of designing n-of-1 trials?  

 

5.2.2.3. Data management 
Video recordings were made of the workshop and breakout discussions. These were stored on the 

University Google Drive which only the research team had access to and were deleted once notes had 

been made. Workshop participant personal data (name and contact details) were held in a separate 

Excel spreadsheet, accessible only by the research team and used only for contact as indicated during 

consent.  

 

5.2.2.4. Data analysis 
OH listened to the recordings and made detailed notes from each of the discussions, capturing 

differing perspectives and any examples used to illustrate an idea. The notes were collated and were 

grouped according to they whether they related to questions, treatments, outcomes, benefits, or 

challenges. 

 

5.2.3. Results 

5.2.3.1. Participants  
The workshop was attended by 13 stakeholders as well as four members of the study team (OH, RC, 

JR and SAJ). Of the 13, nine were clinicians/researchers, two were statisticians and two were Patient 

and Public Involvement (PPI) representatives living with a rare disease.  

 

5.2.3.2. General reflections/benefits and concerns  
n-of-1 trials were considered a valuable approach by all workshop attendees. Clinicians/researchers 

valued the “perfectly tailored answer” to the research question that can be obtained by using an n-of-

1 trial. Patient representatives also deemed this important, and researchers’ experiences of 
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conducting n-of-1 trials corroborated patient interest in them: “From my experience… people are very 

interested in participating [in n-of-1 trials] because it’s about them as an individual and whether things 

work for them or not”.  This expectation that the results of an n-of-1 trial will be of direct benefit to 

the individual patient was considered a benefit of taking part in an n-of-1 trial compared other trial 

designs.  

Workshop participants also felt that a benefit of n-of-1 trials is that the patient will undergo all of the 

treatment conditions under investigation. This was deemed particularly important in placebo-

controlled trials because the patient is guaranteed to undergo the active treatment.  

PPI representatives highlighted the fact that patients living with chronic conditions or rare diseases 

(which n-of-1 trials might investigate) might be particularly attracted to the idea of taking part in an 

n-of-1 trial, as the formal research process might ensure they “feel [they are] being taken seriously”. 

Clinicians/researchers in the workshop saw difficulties with funding as a key issue with n-of-1 trials. 

Based on experiences in rare disease research, clinicians anticipated difficultly communicating the 

justification for trials involving small numbers of patients.  

Workshop participants recognised that there might be additional patient burden associated with 

taking part in an n-of-1 trial. Some sources of burden were not unique to n-of-1 trials, such as 

attending additional outpatient appointments and questionnaires to fill in, whereas others were 

enhanced for n-of-1 trials, such as an increased study length compared to parallel group RCTs, as the 

patient receives multiple treatments over multiple periods and may also receive washout periods in 

between.   

The crossover design was thought to elicit patient burden in another way. If a patient notices 

improvement under the treatment in one period, there might be psychological difficulty associated 

with having to stop this treatment in order to undergo another treatment condition. It was understood, 

however, that having a comparator and multiple treatment periods are an essential part of the trial 

design and are required in order to provide evidence of an effect in the treatment under investigation. 

It was agreed that this might be mitigated by the processes of informed consent and, in more 

challenging circumstances, appropriate psychological/emotional support may mitigate the associated 

difficulty. 

Some clinicians were hesitant about the use of randomisation. This was due to the perception that 

the patient has less choice and involvement in their treatment, which might be at odds with the idea 

of personalised medicine and make a patient less likely to engage. Other participants emphasised the 

importance of randomisation in the n-of-1 design and suggested that the anticipated problems can be 

mitigated by improving patient understanding of the trial design through the communication about 

the trial. 

 

5.2.3.3. Questions 
What questions can n-of-1 trials be used to address?  

Workshop participants discussed the different types of questions that n-of-1 trials can be used to 

answer. These are summarised in Table 19. Clinicians in the workshop thought that n-of-1 trials were 

best suited to comparing active treatments, such as those answering questions about which of the 

treatment options is preferred by a particular patient. The benefits of trials designed to compare 

active treatment options is that the patient is undergoing treatment for their condition for the 

duration of the trial (rather than having placebo periods). 
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It was also noted that n-of-1 trials are well suited not only to answering questions about treatment 

efficacy, but also about tolerability and acceptability at the individual level of treatments that have 

been shown to be efficacious at a group level.  

 

Table 19. Questions that n-of-1 trials can be used to answer 

Question Comparator type When appropriate? 

Does the treatment work at all? 
 

Placebo/sham device Testing a novel treatment where there 
is no existing treatment to which it 
could be compared 
 

Is the treatment better than the 
existing treatment(s)? 
 

Active treatment Testing a novel treatment by 
comparing it to the existing 
treatment(s) 
 

Which treatment is best for this 
patient? 
 

Active treatment Where there are multiple treatment 
options, but high interindividual 
variability n-of-1 trials can be used to 
establish which treatment is most 
efficacious in an individual patient. 
 

How does the treatment effect 
vary between individuals?  

Active treatment, 
placebo/sham device, 
no intervention 

When the level of inter individual 
variability is unknown. Requires a 
series of n-of-1 trials. 

   

 

5.2.3.4. Treatments  
What treatments can n-of-1 trials be used to investigate?  

Participants discussed the treatments that can be investigated using n-of-1 trials. All groups 

highlighted the requirement that a treatment is reversible in order to be suitable for study using an n-

of-1 trial. Reversibility was defined as a patient returning to where they would have been had they 

not undergone the treatment (i.e. the effect can be washed out once treatment is withdrawn). 

Participants made a clear distinction between this and a patient returning to baseline. For example, in 

the case that a disease is slowly progressive, the patient’s condition may have worsened following the 

withdrawal of a reversible treatment, though not as a result of the treatment but rather the 

progression of the disease. It was agreed that psychological therapies and surgeries are irreversible; 

their effects cannot be washed out, making them unsuitable treatments to study using n-of-1 trials. 

In addition to being reversible, a treatment must have a quick onset and termination of effect in order 

to be suitable for study using the n-of-1 design. This is in order to avoid the need to incorporate lengthy 

run in and washout periods into the trial design, which might result in an impractical trial length. One 

participant provided an example of when an n-of-1 trial may be inappropriate, referencing the 

deprescribing of steroids following long term use; they have effects that do not disappear quickly after 

treatment is terminated. 

Curative treatments are incompatible with crossover designs, such as n-of-1 trials, because there 

would be no need to continue to switch between different treatments if the patient’s condition has 

been cured. 
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There are some treatments which are better suited to assessment using n-of-1 trials than parallel 

group RCTs. For example, some patients may be ineligible for certain parallel group RCTs on account 

of having complex or comorbid conditions. These trials often have strict eligibility criteria in order to 

produce a largely homogenous sample. The sample size in an n-of-1 trial is one and it does not aim to 

generalise beyond that sample, potentially affording more flexibility with regards to eligibility. 

Complementary therapies or add on treatments may be well suited for study using n-of-1 trials for 

this reason. 

 

5.2.3.5. Outcomes  
What outcomes should be measured in n-of-1 trials?  

Participants noted the importance of having an easily measurable sign or symptom of the condition 

as an outcome, as well as focusing on outcomes which are most relevant/important to the patient 

taking part in the study. This might involve the use of personalised outcome measures. 

There was discussion regarding the main types of outcomes that can be measured in n-of-1 trials: 

PROMs, physiological parameters, and biomarkers. 

It was suggested that n-of-1 trials should ideally employ both PROMs and a physiological parameter 

or biomarker. A more objective measure is particularly useful when the patient isn’t blinded to 

treatment allocation, or it is suspected that blinding will be lost due to effects of the treatment.  

 

5.3. Collaborator discussion 

5.3.1. Aims  
- To reflect on the discussions that were had during the stakeholder workshop.  

- To develop key points to consider for n-of-1 study design and implementation. 

 

5.3.2. Methods 
A meeting was held between the study team and a collaborator (SAJ, RC, OH and AC) via Google Meets 

in which draft key points to consider were discussed and developed. SS was unable to attend so his 

feedback was obtained via email.  

 

5.3.3. Results  
The discussion between collaborators raised questions about the language used in the key points to 

consider. It was agreed that it would be important to define the term ‘health technology’ to ensure 

that it was not interpreted as ‘gadgets’, but rather something that can be applied according to a policy 

decision.  

Much discussion centred around randomisation. The MUSTANG study (48) was discussed as an 

example of an n-of-1 trial that was not randomised, partly because it would not have been possible to 

blind the patient to treatment allocation. The relationship between blinding and randomisation was 

decided to warrant further consideration in revisions of the key points to consider.  
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It was decided to stipulate in the key points that, where double blinding is not possible, the blinding 

of some element of outcome assessment should be introduced, e.g. blinded outcome assessor. 

The use of more objective outcome measures was agreed to be of additional importance in trials 

where the patient and/or clinician is unblinded.  

The importance of keeping in mind the target audience for these key points was discussed. As they 

are primarily aimed towards clinicians, rather than academics with methodological expertise, it was 

decided that it was important to be clear and use limited technical/trial language.  

 

5.4. Dissemination event 

5.4.1. Aims  
• To share the draft key points to consider with the stakeholders who attended the 

workshop 

• To obtain feedback on the draft key points to consider  

 

5.4.2. Methods  
An online dissemination event was held during which draft key points to consider were presented and 

feedback was requested. Both those that attended the workshop, and those that were invited but 

were unable to attend, were invited. 

 

5.4.3. Results  
Five individuals attended, including a patient representative, a statistician, and three researchers in 

rare diseases, two of whom had experience of undertaking an n-of-1 trial. Attendees suggested that a 

key point should be added regarding the need for Patient and Public Involvement (PPI) in n-of-1 trials 

and suggested that improved links should be made between key points that have an overlapping scope. 

Attendees also discussed the scope of the key points to consider; in particular, whether they applied 

to “informal” n-of-1 trials that may be undertaken outside research settings. Participants discussed 

that the key points and accompanying report should clarify that they apply only to research 

undertaken under the supervision of research governance frameworks and where the activity is 

guided by a research protocol.  

 

5.5. Conclusion 
The key points to consider were developed through a series of communications with stakeholders and 

project collaborators.  
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6. Key points to consider for n-of-1 trials  
6.1. Introduction 
Below, a set of key points to consider for the implementation, design, conduct and analysis of n-of-1 

trials are provided. Each key point is accompanied by elaboration and case studies where appropriate.  

The key points have been divided into two main sections and further sub-divided into additional 

components, as outlined below: 

Section 1: When is it appropriate to undertake n-of-1 trials: 

• Scope 

• Prevalence of the health condition 

• Type and attributes of the health technology 

• Questions that can be addressed 

Section 2: Design and analysis conditions: 

• Choice of outcome 

• Choice of comparator 

• Target of treatment 

• Number of health technologies and periods 

• Blinding 

• Randomisation 

• Analysis 

The key points are supplemented by Table 9, which presents the questions that can be addressed 

using n-of-1 trials and the associated design considerations. 

 

6.2. Key points 
Table 20. Key points to consider for n-of-1 trials 

 Points to Consider  Elaboration 

Section 1: When is it appropriate to undertake n-of-1 trials? 

Scope 

1 n-of-1 trials should primarily 
be used to inform decisions 
about the care of an 
individual patient. 
 

An n-of-1 trial should be undertaken where there is a decision to be made 
regarding the treatment of an individual patient. 
 
In some circumstances, an n-of-1 trial could provide sufficient evidence of effect 
for a health technology to be commissioned for that patient. 
 
n-of-1 trials have particular utility where there is large variation in treatment 
efficacy from patient to patient and so decisions for individual patients are 
needed. 
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Prevalence of health condition 

2 n-of-1 trials can be a viable 
study design for very low 
volume interventions, such 
as those in rare (and ultra-
rare) diseases.  

There are limited options for the assessment of efficacy for very low volume 
interventions, such as health technologies for ultra-rare diseases, as the size of 
the patient population may make it impractical or infeasible to recruit the number 
of patients required for a conventional parallel group trial. In these cases, n-of-1 
trials may be a useful alternative to a conventional parallel group trials as a means 
of increasing precision when cases are rare. 

For an example of an n-of-1 trial undertaken in a rare disease, see case study 1 
(49). 

Type and attributes of health technologies 

3 A wide range of health 
technologies can be assessed 
using n-of-1 trials, provided 
they meet the criteria 
specified in points 4 and 5.  

n-of-1 trials can be designed to assess a wide range of health technologies such as 
drug treatments (see case study 2 (50)), medical devices (see case study 3 (51)) 
and dietary (see case study 4 (52)) and behavioural interventions (see case study 
5 (53)), provided they meet the criteria specified in points 4 (onset of effect) and 
5 (carryover effects). 

4 Health technologies to be 
assessed using n-of-1 trials 
must have an onset of effect 
that can feasibly be observed 
in a study period. 
 

In order to be suitable for study using an n-of-1 trial, a health technology must 
have an onset of effect that is quick enough that it can be measured within a study 
period.  
 
The onset of effect will impact the length of the periods in an n-of-1 trial and thus 
the length of the study overall. 

5 Health technologies to be 
assessed using n-of-1 trials 
must not have prolonged 
carryover effects.  

In an n-of-1 trial, it is important that any carryover effects from one period have 
expired before an assessment of effect for a subsequent period is conducted. This 
is to ensure that any effects observed in this assessment can be attributed to the 
treatment condition of that period. Washout techniques (see point 19) can be 
employed to ensure that sufficient time has elapsed for carryover effects to 
expire.  

6 n-of-1 trials might be 
appropriate for the 
investigation of expensive 
health technologies or those 
with significant side effects 
which effect users to 
differing extents.  

n-of-1 trials can be used to provide evidence of whether the benefits of a health 
technology outweigh its drawbacks for a particular patient.  
 
For an expensive health technology, an n-of-1 trial might be used to assess 
whether a particular health technology is effective in a particular patient (see case 
study 6 (48). If the health technology produces a clinically meaningful effect in a 
patient, the cost of commissioning it for this patient might be justified. If the 
health technology is does not produce a clinically meaningful effect in a patient, 
then the cost of the n-of-1 might be justified by preventing unnecessary costs of 
commissioning a treatment that does not result in a clinically meaningful 
improvement for a patient.  
 
If a health technology has significant associated side effects which affect users to 
differing extents, an n-of-1 trial might be used to inform an understanding of the 
trade-off between benefits and harms for that individual patient.   
 
n-of-1 trials are unlikely to be implemented for common, safe, low-cost 
treatments.  
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Questions that can be addressed 

7 n-of-1 trials are appropriate 
when aiming to address one 
of four questions (see Table 
9). 

The four questions that can be assessed within n-of-1 trials are: 
 
Does the health technology work at all? An n-of-1 trial answering this question 
will likely be assessing a novel health technology for which there is no evidence in 
the patient population nor an existing treatment to which it could be compared 
(see case study 7 (54)). 
 
If the n-of-1 trial was evaluating a drug treatment, the assessment may be of the 
investigative therapy against placebo (see case study 8 (55)). 
 
Does the health technology work better than the existing treatment(s)? It might 
be important to answer this question when there is an existing treatment option 
for a patient as well as a novel one to be assessed (see case study 9 (56)).  
 
If the n-of-1 trial was evaluating a drug treatment, the assessment may be of the 
investigative therapy against an active treatment control. 
 
Which health technology is best for a particular patient? This question may be 
asked in two situations: 
 
a) Where a treatment has high patient to patient variability in efficacy - if there is 
more than one treatment option available with no clear rationale for which will 
be optimal for a particular patient, for example, because there is high inter-
individual variability in treatment response, an n-of-1 trial could be used to 
determine the treatment choice for each patient (see case study 10 (57)).  
 
b) Where a number of treatment options are equally efficacious – here a decision 
will need to be made about on outcomes other than the primary efficacy outcome 
including factors like patient preference. 
 
Does the efficacy of the treatment vary between individuals? A series of n-of-1 
trials would be required to answer this type of question, where each of the 
individual trials would be answering one of the other questions above.  
 
For example, an n-of-1 study could establish the treatment effect of a novel drug 
treatment compared to placebo for an individual patient. If this were conducted 
in a number of patients, an assessment could be made of whether the effect is 
consistent across all patients or within a particular subgroup of patients. 
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Section 2: Design and analysis considerations for n-of-1 trials 

Choice of outcome 

8 The question being 
addressed will inform the 
choice of primary outcome 
(see Table 9).  

For most questions, an efficacy outcome will be used as the primary outcome (see 
Table 9).  
 
The choice of efficacy outcome may be influenced by practical considerations such 
as the time to onset of effect. If the time to onset of effect is long, then an 
outcome that is usually a secondary outcome (i.e. a surrogate) could be the 
primary outcome for the study. For example, an early time point assessment of 
the primary outcome could be used if this is predictive of the final response. 
 
Clinical biomarkers could also be used as the efficacy outcome if these are 
predictive of the efficacy effect.  
 
If an assessment of efficacy is not the primary research question, then patient 
preference (see case study 11 (58)) or quality of life could be the primary outcome. 
Efficacy outcomes could be secondary outcomes in such a study. 

9 It is recommended to use 
both patient reported 
outcome measures (PROMs) 
and more objective measures 
of effect where possible, 
especially in those trials that 
are being undertaken to 
assess the efficacy of an 
expensive or risky treatment. 

Those trials that are being undertaken to assess the efficacy of an expensive or 
risky treatment may require more stringent design considerations than those 
trials that are being undertaken on a more informal basis to dictate care (see also 
blinding – point 20). An example of this is case study 12 (48). 
 
In such a situation, sufficient evidence of clinical improvement is required. For 
example, just collecting patient preference may not be sufficient, but more 
objective measures of a clinically significant effect may be required, as well as 
patient reported outcome measures (PROMs). 

10 n-of-1 trials can be used not 
only to assess the effect of a 
health technology on a 
primary efficacy outcome but 
also other outcomes which 
are important to the patient. 

n-of-1 trials can be used not only to assess the effect of a health technology on 
the primary efficacy outcome, but also other outcomes which are important to 
the patient. Such outcomes could be the primary outcome, or secondary 
outcomes, for the trial. For an example, see case study 13 (59). 
 
For example, an n-of-1 trial could be used to assess the effect of different 
therapies on treatment side effects.  
 
Alternatively, patient preference for care delivery might be assessed.  
 
n-of-1 trials might make the personalisation of outcomes possible.  

Choice of comparator 

11 The choice of comparator 
should be made to answer 
the research question for the 
study. 

Different comparators are appropriate to answer different research questions. 

See elaboration of point 7 and Table 21. 
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Target of treatment 

12 n-of-1 trials are used to 

provide evidence which can 

be used to improve the 

patient’s condition itself, 

specific symptoms of the 

condition, side effects, or 

patient satisfaction. 

An n-of-1 study can be undertaken to assess a health technology in the 
improvement of the: 
 

• Condition/disease itself – the patient will benefit as their health condition 
will improve (see case study 14 (60)); 

 

• Symptoms of the condition – the patient will benefit as their quality of 
life will improve (see case study 15 (61)); 

 

• Side effects - the patient will benefit as their quality of life will improve 
but also their health condition may improve as the treatment may be 
better tolerated, improving adherence (see case study 16 (62)); 
 

• Patient satisfaction – if two health technologies have equal efficacy but 
with different posologies patient preference could determine the choice 
of treatment.  The patient will benefit as they get the treatment which 
works best for them in terms of their daily life. 

Number of health technologies and periods 

13 n-of-1 trials typically 
compare two health 
technologies. Designing n-of-
1 trials which compare three 
or more health technologies 
is associated with practical 
challenges.  

 
 

Most n-of-1 trials compare two health technologies (e.g. drug and placebo or two 
active treatments – see case study 17 (51)). Designing these trials is more 
straightforward than those evaluating more than two health technologies, which 
incur greater practical and logistical challenges such an increased study duration 
(see case study 18 (56)). 
 
It is possible to conduct n-of-1 trials evaluating more than three health 
technologies, particularly if the period and washout lengths are short (see case 
study 19 (63)), however it might be preferable to instead conduct more than n-of-
1 trial. 

14 The number of study periods 
in an n-of-1 trial is a trade-off 
between precision and 
feasibility. 

The more study periods there are in an n-of-1 trial, the greater the precision in 
the evaluation of effect as there are more evaluations of the health technologies.  
 
Decisions about the number of study periods must take into consideration the 
overall study length.  
 
For some n-of-1 trials, having many study periods may be practicable. For others 
it both might not be practical or even required - for a patient preference study it 
might be possible to get an answer in just two study periods. 
 
The DIAMOND review of n-of-1 studies found that the median number of study 
periods in an n-of-1 trial was six (see case study 20 (64)). This seems to represent 
a balance between precision and feasibility. 
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Blinding 

 15 n-of-1 trials should be 
blinded where feasible. 

Where feasible, n-of-1 trials should be double blinded – for an example, see case 
study 21 (65). Blinding is more difficult in n-of-1 trials of certain types of health 
technologies, such as behavioural or dietary interventions.  
 
Blinding may be challenging in n-of-1 trials of drug treatments due to difficulty 
obtaining a suitable placebo or due to obvious differences in the appearance or 
effects of active treatments to be compared.  
 
Blinding may be more important in n-of-1 trials because of crossover design. 
 
If a double-blind is not possible, n-of-1 trials may be conducted as single-blind or 
open label trials.  
 
For open label trials it is optimal to incorporate some blinding, such as blind 
assessment of outcomes. 

Randomisation 

16 Blocked randomisation of 
treatment allocation is 
typically recommended.  

Randomising the sequence of treatment allocation has the advantage of evenly 
distributing (on average) both known and unknown confounding factors between 
the health technologies. 
 
Blocking randomisation using a block size equal to the number of health 
technologies in the study has the advantage of preventing the generation of 
undesirable sequences such as AAAABBBB which would make the study sensitive 
to drop out as, if a patient dropped out halfway through the study, they would 
only have data from treatment condition A that could be analyses. A block size of 
two will produce a sequence such as ABBAABAB.  
 
In this example, if a patient dropped out of the study after two periods, it would 
still be possible to assess their experience of both health technologies for the 
patient.  
 
Even if there is no patient dropout there could be issues with an allocation 
AAAABBBBB if there is a time effect for the underlying condition in the patient.  A 
sequence of the form ABBAABAB would help to mitigate against this. 
 
A pitfall of randomising with a small block size is that the patient and clinicians are 
more likely to work out or guess the treatment allocation.  
 
It is typically not possible to conceal the block size from a patient in an n-of-1 trial, 
in order to uphold the ethical and legal requirement of informed consent.  
 
The risk of working out or guessing the treatment allocation should be weighed 
against the risk of patient withdrawal. 
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Analysis 

18 An interim analysis may be 
considered when designing 
n-of-1 trials. The analysis can 
be used to indicate 
whether early stopping of 
the trial is appropriate. 

An interim analysis may be considered if there are six or more study periods and 
the study is long enough to assess effect in the reduced number of periods. 
 
Continuing switching between treatments may become difficult if the patient is 
experiencing a noticeable improvement or deterioration in their symptoms under 
one particular treatment such that there is sufficient evidence of effect for an 
individual patient prior to the planned completion of the trial. 
 
The rationale for stopping the study early should be done on a study-by-study 
basis and where possible should be pre-specified. 
 
See point 22 as information from other patients may inform the decision. 

19 Washout periods or active 
(analytical) washout should 
be employed if there are 
likely to be carryover effects 
of the health technology 
under investigation.  

Where there are likely to be carryover effects from one study period to the next, 
a washout period should be implemented between study periods – for example, 
see case study 22 (66)). The required length of washout will be determined by 
characteristics of the intervention.  
 
Where it would be inappropriate to withdraw treatment for a period of washout, 
the use of active washout should be considered.  
 
The strategy of an active washout can be used, whereby patients can be switched 
immediately from one treatment to another (if safe to do so) but measurement 
starts once the effect of the previous treatment has disappeared and steady state 
has been reached. 
 
Although longer washout periods are generally desirable it can potentially lead to 
harm for the patients if treatment was withdrawn and therefore full washout can 
raise ethical concerns. 
 
An active washout therefore is valid design when full washout will lead to harm.  
With the design the assumption is when we make the clinical assessments the 
efficacy will be for the treatment in that pathway. 
 
It is worth noting that carry-over is not just influenced by treatment.  For 
outcomes such as patient reported outcomes there can be psychometric carry-
over as patients can recall how they responded in previous periods. 

20 Clinical, in addition to 
statistical, significance 
should be used to help judge 
the effect of treatment.  

Determining the effect of treatment based solely on statistical significance should 
be avoided. Clinical significance should also be considered (see case study 23 (62)).  
 
Where possible, a definition of a clinically important effect should be defined in 
the protocol, in order to introduce a degree of objectivity to an otherwise 
subjective assessment.  
 

21 Within-patient analysis of an 
n-of-1 trial will determine 
whether a clinically 
important effect has been 
observed.  

Within-patient analysis of an n-of-1 trial will determine whether a clinically 
important effect has been observed.  
 
Replication is informative in the assessment of response as it enables an 
assessment of the personalised response to treatment for an individual patient 
including if the effect is consistent or varies. 
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22 Between-patient analysis of a 

series of n-of-1 trials can be 

used to estimate the average 

treatment effect across all 

the trials; determine whether 

these effects are consistent 

for all of the patients and to 

estimate the average 

treatment effect for that 

population/sub-population 

generally. 

If a series of n-of-1 trials is conducted in which there is a consistent effect of 
treatment observed across all patients (or in a subgroup of patients), then it would 
be possible to combine the individual estimates of effect using meta-analysis to 
obtain an overall estimate of effect. See case study 24 (56). 
 
Quantifying the effect within individual patients is still the primary analysis (see 
principle 2), but a meta-analysis is informative.  

 
These estimates will inform clinical practice overall – for example a 
recommendation could be made for all patients to receive the new treatment 
including those who have been in an n-of-1- and also clinical decisions for the 
individual patients in the meta-analysis – as if the effects are consistent outcomes 
seen overall can be used for individual patients.  

PPI 

23 Relevant and meaningful PPI 

should be sought throughout 

the n-of-1 trial including 

design and planning; 

interpretation; dissemination 

and implementation. 

PPI might be especially important in n-of-1 trials due to their personalised nature.  
 
Input may be sought from the patient who will be taking part, disease specific 
charities, affiliated support groups or hospital/Trust specific advisory groups. 
 
During the design and planning of the trial, input may be sought into the patient 
facing materials (e.g., PIS), outcomes and the treatment and follow-up regimes.  
 
During interpretation and dissemination, input may be sought into how the results 
are presented and shared with other patients. 
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Table 21. Design considerations for n-of-1 trials 

Question a Does the health 
technology work 
at all for a 
particular 
patient? 

Does the 
health 
technology 
work better 
than the 
existing 
treatment(s) 
for a particular 
patient? 
  

Which health technology is best 
for a particular patient? 

Does the 
individual 
treatment effect 
vary between 
patients? 
  

When there 
is high 
variability in 
effect 
between 
patients 

When there is a 
number of 
equally 
efficacious 
treatments 

Design Individual n-of-1 
trial 

Individual n-of-
1 trial 

Individual n-
of-1 trial 

Individual n-of-1 
trial 

Series of n-of-1 
trials 

Primary outcome 
b 

Efficacy  Efficacy  Efficacy  Patient 
preference 

Efficacy  

Control c Placebo (drug 
trial) / standard of 
care (behavioural 
or other trial) 

Active 
treatment 

Active 
treatment 

Active treatment Placebo / 
standard of care / 
active treatment 

a See point 7 

b see points 8, 9 and 10 

c see point 11  



60 
 

7. Discussion  
 

The DIAMOND project has developed twenty-one key points for researchers and clinicians to consider 

when designing and undertaking n-of-1 trials, focussing on when it is appropriate to undertake n-of-1 

trials, the questions that can be addressed within such trials, and design and analysis considerations. 

In order to develop these key points we firstly updated a review by Gabler et al. (2011) in order to 

identify n-of-1 trials and their characteristics (7). In our updated review we identified 52 trials, eight 

of which were undertaken in rare diseases. The studies most frequently compared drug treatments 

and used a placebo control.  The most frequently used number of periods was six and number of cycles 

was three. We did not identify any design differences between n-of-1 trials in rare and non-rare 

diseases. The results of the review informed the key points for n-of-1 trials, developed through 

consultation of key stakeholders via workshops, email contact and meetings. We have also developed 

freely available resources to assist others in undertaking these trials – namely, statistical packages for 

the analysis of such trials and training courses for both statisticians and non-statisticians (67).  

 

Strengths and limitations 

This study involved the thorough review of previously undertaken n-of-1 trials from 2011 until 2021, 

and therefore represents an up-to-date audit of randomised n-of-1 trials that have been conducted 

over this time period. Additionally, it is the first review to compare the design characteristics of n-of-

1 trials conducted in rare and non-rare diseases. The review informed a workshop involving 13 

stakeholders in the field of n-of-1 trials from a range of backgrounds and disciplines as well as two 

patient representatives. In order to ensure they were generalisable, the final list of key points for n-

of-1 trials was also reviewed by the stakeholders at a dissemination event. Limitations include that, 

with only 13 stakeholders, the results may not be generalisable compared to if a larger group of 

individuals were assembled.  

 

Comparison to other studies 

The DIAMOND study builds on other similar studies in the area of n-of-1 trials. Firstly, a detailed report 

by Kravitz et al. (2014) also summaries key considerations for designing and conducting n-of-1 trials 

(19). The Kravitz et al. report (19) was commissioned by the US government and is therefore US 

focussed and aimed at a wide audience (including patients, statisticians, researchers). In comparison, 

the DIAMOND study engaged with predominantly UK-based stakeholders to develop UK focussed key 

points for n-of-1 trials targeted specifically at clinicians or trials methodologists who are interested in 
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undertaking such trials. The DIAMOND study builds on the work undertaken by Kravitz et al. by 

updating a review of recently published trials, and a workshop with key stakeholders, which has 

resulted in additional key points being developed, including a list of questions that can be addressed 

by n-of-1 trials, the consideration of an interim analysis part way through an n-of-1 trial, and how the 

cost of a new treatment may influence the design of the trial. We have also developed key materials, 

including software and training packages, for researchers in this area to enable them to design and 

conduct such trials, and to minimise any barriers to undertaking n-of-1 trials. 

 

Secondly, our study updates the systematic review undertaken by Gabler et al. (7), which also aimed 

to summarise the characteristics of previously conducted n-of-1 trials. Our review identified a further 

52 n-of-1 trials undertaken since the original Gabler et al. (2011) review. The characteristics of those 

identified in our review broadly match those identified by Gabler et al. However, there are a few 

exceptions. Firstly, our review identified a higher number of studies that evaluated behavioural 

interventions (Gabler et al n=1, 1%, our review n=3, 5.8%) -this might either reflect a genuine increase 

in the number of these trials or result from the different search strategies used, with Gabler et al 

searching only medical journals, whereas we did not put any restrictions on the type of journal. 

Secondly, our review identified a lower occurrence of blinding (Gabler et al n=106, 98%, our review 

n=41, 78.8%), which is likely to be a consequence of the differing proportions of intervention types 

identified, i.e. more behavioural interventions and those classed as ‘other’, as these are typically more 

difficult to blind than trials of pharmaceutical interventions. Finally, there were some differences in 

the approaches to analysis. Our review identified a lower rate of analysis by visual inspection of graphs 

(Gabler et al n=56 52% our review n=2, 3.8%) and a higher rate of pooled analysis than that of Gabler 

et al (Gabler et al n=26, 24%, our review n=21, 40.4%). These differences may be due to the changing 

research landscape over time, with pressures to report p-values and to undertake studies that can 

estimate population treatment effects.   

 

Barriers remain that may hinder clinicians and researchers in undertaking n-of-1 trials. One such 

obstacle is likely to be seeking regulatory (e.g. ethical) approvals for n-of-1 trials, which has been 

reported by several authors (68–70). There has been discussion in the literature regarding whether n-

of-1 trials require review by an ethics committee, stemming from a debate regarding whether such 

studies are medical research or an optimised form of clinical care (69,70). Several papers, based on 

the regulatory contexts in the USA and Netherlands, have looked to clarify when ethical approvals are 

required for n-of-1 trials, with the inclusion of only one participant (i.e. a single n-of-1 trial) being an 

important exclusionary factor to requiring approvals (68,70). According to one paper, drugs approved 
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for the indication in which it will be used, or an off-label drug with mild side-effects, with no extra 

invasive or burdensome measures may not require ethical approvals (68). In the UK setting, according 

to the MHRA algorithm, a study that involves allocation of treatments decided in advance by a trial 

protocol requires MHRA regulatory approvals (71).  

 

There are some methodological considerations discussed in the literature that are not covered by the 

DIAMOND work, such as non-randomised sequence allocations. Randomising the allocation of 

treatment to period is an important technique to reduce bias in an n-of-1 trial, so much so that some 

consider randomisation a defining feature of an n-of-1 trial (10,72). Some authors, however, suggest 

an alternative approach under particular circumstances. In their 2014 report, Kravitz et al. (19) suggest 

that counterbalancing (generation of a balanced, non-randomised sequence of treatment periods e.g. 

AB BA BA AB) is an appropriate alternative to randomisation when there are known time trends of the 

condition being studied (i.e. it is deteriorating). Whilst we do not suggest counterbalancing as an 

alternative approach, our key points recommend blocking the randomisation by the number of health 

technologies under investigation. This goes some way to balancing the sequence to control for a 

known effect of time on the patient’s condition, because a sequence such as AAABBB cannot be 

produced. Additionally, if time trends are a key concern, then a crossover design will not be an optimal 

method of evaluation of a treatment as they rely on the condition being stable throughout the 

evaluation.  

 

Implications  

The key points provide guidance that may assist clinicians who are interested in an n-of-1 study to 

decide whether it is an appropriate choice. If it is an appropriate choice, the key points may support 

the clinician with the design and implementation of the study. 

 

The two courses on the design and analysis of n-of-1 trials were well attended. This has resulted in 

more people being aware of the n-of-1 design and the statistical analysis of such studies. The 

additional resources we have made available on the website (67) will enable people to conduct the 

analyses explained in the courses.   

 

The use of the outputs of the project will potentially result in more thoughtfully designed n-of-1 

studies, which would result in a better use of research resources and improved outcomes for patients.  

 

Recommendations for future research 
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The outputs from the DIAMOND study could be further developed into a tool that allows for the 

development of a tailored protocol for a particular type of n-of-1 study, therefore allowing researchers 

and clinicians to implement the design and DIAMOND key points for n-of-1 trials.   
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Appendix 1  
Variables for extraction 
First Author  

Year of publication  

Condition under study 

Health/disease area 

Rare disease (Yes/No)  

Funding reported (Yes/no)  

Region (If unclear, this was taken to be the region of the first author’s institution) 

Protocol (Yes/No) 

Target sample size (For protocols only)  

Intervention type (pharmaceutical, behavioural, dietary, medical device, other) 

Data pooled? (Yes/No/Planned/Not applicable – single patient) 

Number of patients included  

Number of health technologies compared (includes control groups) 

Comparison type (placebo, sham device, no intervention arm, active control)  

Infants included – where this was not specified in the eligibility criteria, the characteristics of the 

included participants were used as a proxy 

Children included – where this was not specified in the eligibility criteria, the characteristics of the 

included participants were used as a proxy 

Adults included – where this was not specified in the eligibility criteria, the characteristics of the 

included participants were used as a proxy 

Older adults included – where this was not specified in the eligibility criteria, the characteristics of 

the included participants were used as a proxy 

Number of periods  

Period length (days) 

Total study duration (days) 

Washout period (Yes/No) 

Washout length  

Primary outcome type (Patient report, physiological, behavioural test, physical activity, clinical 

assessment, lab parameter) 

Outcome measurement at regular intervals (Yes/No) 
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Frequency of outcome measurement  

Blinding (Yes/No) 

Definition of response to treatment (Statistical, clinical) 

Analysis approach  

Numerical results (Yes/No)  

Standard deviation given (Yes/no)  

P values given (Yes/No) 

Significance level used 
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