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Abstract
Objective: Defined as prospective single- patient crossover studies with repeated 
paired cycles of active and control intervention, N- of- 1 trials have gained at-
tention as an option to obtain high- quality evidence of efficacy, particularly for 
patients with rare epilepsies in whom conduction of well- powered randomized 
controlled trials can be challenging. The objective of this systematic review is to 
provide an appraisal of the literature on N- of- 1 trials in individuals with epilepsy.
Methods: We searched PubMed and Embase on January 12, 2024, for studies 
meeting the following criteria: prospectively planned, within- patient, multiple- 
crossover design in individuals with epilepsy and outcomes related to comorbidi-
ties. Information on design, outcome measurements, intervention, and analyses 
was retrieved. Risk of bias assessment was performed using the Risk of Bias in N- 
of- 1 Trials (RoBiNT) scale. We highlighted methodological aspects of the N- of- 1 
trials identified and discuss future recommendations.
Results: Five studies met our inclusion criteria. An additional multiple- crossover 
trial that evaluated treatment effects exclusively at group level was also included 
because of its relevance to N- of- 1 study methodology. The studies enrolled indi-
viduals with focal seizures, absences or cognitive impairement and electrographic 
discharges. Treatments included established or investigational antiseizure medi-
cations, off- label medications, neurostimulation or lifestyle intervention. Three of 
the five N- of- 1 trials reported on individual cases. The studies' strengths were the 
use of individualized treatment dosages and symptom- specific patient- reported 
outcomes. Limitations were related to minimal reporting of baseline characteris-
tics and seizure burden.
Significance: The trials identified by our search exemplify how the N- of- 1 de-
sign can be applied to assess interventions in individuals with epilepsy- related 
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1  |  INTRODUCTION

Epilepsy is a serious and disabling neurological condition 
that affects 65 million individuals worldwide.1,2 In the last 
decade, genomic research, accelerated by next- generation 
sequencing technologies, has identified pathogenic sin-
gle gene variants responsible for 20%–40% of epilepsies 
with onset in the first 3 years of life, leading to improved 
diagnosis and management.3–5 Although guidelines for 
treating epilepsy exist, treatment selection remains chal-
lenging, particularly for rare epilepsies, defined as those 
occurring no more than 1 per 2000 people.6 Traditionally, 
physicians rely on available evidence to select a treatment, 
including guidelines based on results of randomized con-
trolled trials (RCTs). Conventional RCTs are not feasi-
ble for many rare epilepsies, for which evidence on the 
value of existing therapeutic options is restricted mainly 
to case reports or small retrospective studies. Due to the 
low prevalence of these disorders and phenotypic hetero-
geneity, conducting conventional RCTs with sufficient 
statistical power to assess treatment outcomes reliably 
can be challenging. Moreover, reported group averages in 
RCTs may lack relevance for individual patients due to the 
prominent between- patient heterogeneity. Inadequate or 
subjective assessment of treatment efficacy might lead to 
unnecessary continued exposure to medication, or to pre-
mature withdrawal of therapies, thereby prolonging the 
search for an effective treatment.

1.1 | Single- patient crossover 
“N- of- 1” trials

The challenges summarized in the preceding could be 
addressed by conducting N- of- 1 trials. Although the 
term “N- of- 1 trial” is sometimes used broadly to indi-
cate trials in an individual patient that assess outcomes 
after an intervention compared with baseline or natural 
history,7,8 N- of- 1 trials are defined here as prospective 

single- patient crossover studies with repeated paired 
cycles with an active intervention (“A”) and a control 
intervention (“B”), which could be placebo or another 
active treatment, with monitoring of treatment out-
comes at the individual level.9–13 This design may in-
clude key components of RCTs to counteract sources of 
bias, such as the use of blinding and randomization of 
treatment sequences. An additional advantage is the op-
tion of aggregating results from multiple N- of- 1 trials to 
determine effects at the population level.14–17 The N- of- 1 
trial design is suitable for chronic diseases, which are 
not rapidly progressive, provided the targeted outcome 
can be reliably measured.18 Treatments with rapid- 
onset and rapidly reversible therapeutic effects can be 
compared.18 On the other hand, the N- of- 1 design with 
multiple crossover periods is unsuitable to investigate 
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disorders. Future N- of- 1 trials of antiseizure interventions should take into ac-
count baseline seizure frequency, should apply statistical models suited to 
capture seizure frequency changes reliably and make predefined interim assess-
ments. Non- seizure outcome measures evaluable over short periods should be 
considered. Tailored N- of- 1 methodology could pave the way to evidence- based, 
treatment selection for patients with rare epilepsies.
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Key points

• For the majority of rare epilepsies, low disease 
prevalence and interpatient heterogeneity ham-
per the feasibility of conventional randomized 
controlled trials. N- of- 1 trials can provide a val-
uable option to assess the effectiveness of thera-
peutic interventions in these patients.

• We define N- of- 1 trials as prospective single- 
patient studies with an active and comparator 
intervention as well as more than one crosso-
ver period, with the individual as the unit of 
observation.

• Five N- of- 1 trials that assessed the efficacy of 
different epilepsy treatments met our inclusion 
criteria.

• The design of future N- of- 1 trials in epilepsy 
should be adjusted to take into consideration 
treatment characteristics, baseline seizure fre-
quency and relevant non- seizure outcomes.
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treatments whose effects are slowly reversible (e.g., 
antisense oligonucleotides) or potentially irreversible 
(e.g., gene therapies). When assessing treatments with 
rapidly reversible effects, drug- resistant epilepsies with 
frequent seizures are uniquely well situated for im-
plementation of the N- of- 1 design,19 because seizures 
can be quantitated objectively and a high frequency of 
events provides the basis for robust statistical analysis.

1.2 | N- of- 1 trials in medicine

In 1986, The New England Journal of Medicine was the 
first medical journal to publish the results of an N- of- 1 
trial to determine optimal therapy in an individual with 
poorly controlled asthma.20 Since then, variations of the 
N- of- 1 design have been applied for various medical 
purposes (Box  1). A well- known example is the N- of- 1 
study of stimulants in children with attention deficit/
hyperactivity disorder (ADHD), which was prompted 
by variability in treatment responses despite existing 
therapeutic guidelines.21 Using N- of- 1 trials in the con-
text of ADHD induced changes in clinical management 
for half of the patients, increased persistence with the 
selected treatment, and improved patient participation 
and empowerment in therapeutic decisions.21 In clini-
cal practice, the N- of- 1 approach can also help to assess 
an individual responsiveness to an intervention in order 
to prevent unnecessary continuation of an ineffective 
treatment, or too early discontinuation of a potentially 
effective treatment.22,23 The range of applications of the 
N-of-1 design underscores how similar challenges in the 
management of epilepsy could also be addressed using 
this design (Box 1).

A recent systematic review of n- of- 1 trials in neurol-
ogy included only two, N- of- 1 trials in individuals with 
epilepsy, highlighting the lack of experience in applying 
this design in this condition.24 To our knowledge, no other 

review has analyzed the methodological issues that apply 
to N- of- 1 designs in epilepsy.

1.3 | Aim

This review systematically appraises the literature on N- 
of- 1 trials in people with epilepsy to analyze design as-
pects used, and to signal methodological considerations 
for future N- of- 1 trials in epilepsy- related disorders.

2  |  METHODS

We conducted a systematic review of N- of- 1 trials in epi-
lepsy by using the Preferred Reporting Items for Systematic 
Reviews and Meta- analysis (PRISMA) guidelines.25,26 The 
search was conducted by V.M.D. in PubMed and Embase 
from inception until January 12, 2024 and included termi-
nology potentially related to N- of- 1 trials, considering var-
iations used throughout the years and in different fields 
of research. Specifically, the search included the term 
“epilepsy” and one of the following terms: “n- of- 1 trial,” 
“n- of- 1 study,” “single- patient trial,” “multiple crossover 
trial,” “single- case experimental design,” and “crossover 
studies” (Table S1). In addition, titles, abstracts, and in-
dexing terms of articles of interest were reviewed to fur-
ther refine our search. One article was published recently 
and not fully indexed with Medical Subject Headings 
(MeSH) terms in PubMed; as a result, this article was ex-
cluded when the filter for humans was applied and had to 
be added to the list of articles of interest afterwards.27 The 
results of our search reported according to the PRISMA 
scheme are depicted in Figure S1.

Based on a review of key publications in N- of- 1 
trial methodology,9,18,24,28,29 we defined N- of- 1 trials as 
prospective, crossover studies with multiple alternat-
ing active and control intervention periods, with the 

BOX 1 Applications of the N- of- 1 design in medicine

• Assessment of the efficacy of therapeutic interventions in cases of heterogeneity of treatment effects in condi-
tions with or without established therapies

• Assessment of tolerability
• Identification of the optimal dosage for an individual
• Assessment of treatment effects in conditions with phenotypic pleiotropy requiring individualized outcomes
• Assessment of treatment effects in conditions with low prevalence
• Assessment of the effect of de- prescribing (in polypharmacy or long- term monotherapy)
• Exploration of the impact of treatment in contrast to the natural course of disease
• Assessment of treatment effects in patients who do not meet eligibility criteria for conventional randomized 

trials
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individual patient as the observation unit. Only peer- 
reviewed articles in English describing studies in chil-
dren and adults with epilepsy with a within- patient 
multiple–crossover design with repeated cycles of treat-
ment (e.g., ABAB or ABA) were included. To be eligible 
for inclusion, studies had to report at least one of the 
following predefined outcome measures: seizure burden 
or electroencephalography (EEG) epileptiform abnor-
malities, as well as, cognition, memory, mood, behavior, 
daily life functioning, (emergency) medication use, or 
adverse effects. N- of- 1 trial series including more than 
one patient were also included, even when results were 
analyzed statistically at the group- level only, provided 
that detailed outcome information for each individ-
ual participant was made available. We excluded stud-
ies reporting temporary treatment withdrawal with no 
predefined outcome monitoring, parallel- group trials, 
or studies reporting pharmacokinetic parameters only. 
We also excluded studies with more than one crossover 
between treatments using only one cycle of comparison 
(e.g., ABC).

All titles and abstracts were screened independently by 
two authors (W.M.O and V.M.D), using Rayyan30 for rel-
evance, according to the inclusion and exclusion criteria. 
The screening was done inclusively to avoid missing cross-
over studies not labeled as N- of- 1 studies. Subsequent 
screening was based on review of full text. Conflicts after 
full- text review were resolved between E.H.B., F.E.J., 
W.M.O., and V.M.D. Data on patient (baseline) charac-
teristics, study design, seizure and (non)- seizure out-
comes, treatment schedule, other methodological aspects 
and information on institutional review board (IRB) ap-
proval were extracted independently by V.M.D and E.H.B. 
Discrepancies in data extraction were discussed and re-
solved between E.H.B., V.M.D., and F.E.J. Heterogeneity 
in reporting seizure frequency outcomes was considered 
informative for the purpose of this review and extracted 
and reported as in the original publication. The lack of re-
porting on baseline or treatment characteristics was also 
considered informative for this review and included as a 
discussion point. Authors were contacted by V.M.D. if ad-
ditional information on IRB approval status of the studies 
was necessary.

The selected studies were appraised by V.M.D. and 
E.H.B. for risk of bias using the Risk of Bias in N- of- 1 
Trials (RoBiNT) Scale31 We considered the RoBiNT Scale 
more suitable for our objectives than the Consolidated 
Standard of Reporting Trials (CONSORT) extension for 
N- of- 1 trials (CENT) 2015.31,32 CENT 2015 focuses on the 
quality of reporting of published N- of- 1 trials and does not 
assess the impact that aspects of the design can have on 
the reported results (bias). The RoBiNT Scale was devel-
oped from the single- case experimental design scale and 

adapted to be also used for medical N- of- 1 trials.31 The 
RoBiNT Scale consists of subscales rating internal valid-
ity, external validity, and interpretation. No overall judg-
ment across domains was made because several items of 
the score were not fully applicable to the N- of- 1 studies 
identified. Discrepancies in RoBiNT Scale scores were dis-
cussed and resolved by E.H.B and V.M.D. Interpretations 
of design components in relation to trial implementation 
and outcome assessment are discussed in depth.

The PRISMA checklist is provided in the Supplementary 
material. This systematic review was not registered in 
PROSPERO due to the initial search and data extraction 
being conducted for other research purposes. The protocol 
and any other materials regarding this review can be ob-
tained by contacting the corresponding author.

3  |  RESULTS

Of a total of 1133 studies identified, 574 articles were re-
viewed for title and abstract after removal of duplicates 
detected with Rayyan.30 Two publications described an 
N- of- 1 trial protocol for people with epilepsy (or epilepsy- 
related syndromes) and were excluded.33,34 Of the 84 
articles that described crossover studies potentially fulfill-
ing our inclusion criteria, 80 could be retrieved and un-
derwent full- text screening. Of these 80 articles, 74 were 
excluded because they described single crossover studies 
(n = 48); multiple crossover studies comparing three or 
more interventions without repeated cycles35–51 (n = 17); 
studies labeled as N- of- 17,8,52,53 but not involving multiple 
within- patient crossovers (n = 4); and other design aspects 
(n = 5), such as temporary treatment withdrawal,54 trial of 
treatment without crossovers,55,56 and two studies in pa-
tients with brain injury, which used a multiple baseline 
design and temporary treatment withdrawal approach57,58 
(n = 2). Only five articles met all the required inclusion 
criteria. An additional study that used multiple crossover 
cycles of active intervention and placebo only analyzed 
results at the group level and, therefore, did not meet our 
eligibility criteria, but it was included in our analysis be-
cause some aspects of this study are relevant to the N- of- 1 
design. We labeled the six studies as Studies 1–6 in chron-
ological order of publication (Table 1), and we outline the 
aims, methods, results, and conclusions of each.

3.1 | Individual study characteristics and 
summary of results

Study 1, reported by Theodore et  al.,59 was a series of 
within- subject crossover studies to establish the efficacy 
and tolerability of felbamate in 30 randomized patients 
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with focal seizures concomitantly treated with carba-
mazepine.59 Because results were analyzed at the group 
level only, this study did not meet strictly our eligibility 
criteria but the use of a multiple- crossover design raised 
methodological issues similar to those applicable to N- of- 1 
trial series. The design included a 3- week in- hospital base-
line period, followed by three, randomized 2- week periods 
with felbamate or placebo, with alternating 2- week titra-
tion periods. No difference in seizure frequency between 
felbamate and placebo periods was detected at the group 
level. Patients were asked to rate seizure burden and side- 
effects at each period. Fourteen of 28 patients rated fel-
bamate periods superior to placebo periods and entered 
an extension phase with open- label felbamate treatment.59

Study 2, by Privitera et al.,60 was an N- of- 1 series aimed 
at establishing the safety and efficacy profile of dezin-
amide in the treatment of focal seizures at an individual 
and group- level.60 The study included 15 patients with 
focal aware or impaired awareness seizures, with or with-
out progression to bilateral tonic–clonic seizures.60 The de-
sign included a 5- week baseline period, followed by three 
blocks of randomized, paired periods of 5 weeks with dez-
inamide at different doses or placebo treatment. Seizure 
frequency was lower during the dezinamide periods com-
pared to placebo periods, with 6 of 15 patients having 50% 
fewer seizures while on dezinamide. Statistical analysis 
showed a significant reduction in seizure frequency at the 
group level but statistical tests were not performed at an 
individual level. The authors did not report on the contin-
uation of treatment after completion of the trial.

Study 3, conducted by Gordon et al.,61 was an N- of- 1 
trial in a 7- year old child with a learning disorder with bi-
frontal spike–wave discharges on EEG and a history of a 
tonic–clonic seizure 3 years earlier.61 The study aimed to 
assess the potential efficacy of valproic acid in treating 
cognitive dysfunction related to EEG epileptiform dis-
charges. The design included 8-  1- week crossover peri-
ods (four on valproic acid 125 mg twice daily and four on 
placebo). The study assessed improvements in short- term 
memory, attention, and psychomotor speed. Valproic acid 
treatment was associated with a significant improvement 
in the Wechsler Intelligence Scale for Children- Revised 
(WISC- R) Coding subset scored weekly.

Study 4, reported by Willoughby et al.,62,63 assessed the 
efficacy of transdermal nicotine in a 33- year- old woman 
with autosomal dominant nocturnal frontal lobe epilepsy 
(ADNFLE, currently known as sleep- related hypermotor 
epilepsy [or SHE]), caused by a pathogenic variant in the 
gene encoding the alpha- 4 subunit of the neuronal nic-
otinic acetylcholine receptor (nAchR).62,63 The design 
included a 12- month open- label phase followed by a 
double- blind phase consisting of three blocked, random-
ized periods of 21 days. The primary outcome was the 
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number of seizures per day. The authors reported signifi-
cant seizure frequency reduction during treatment with a 
nicotine patch (intervention) compared to periods receiv-
ing a placebo. Treatment was retained.62

Study 5 was an N- of- 1 series of 4 patients, reported 
by Tellez- Zenteno et al.,64 which assessed the safety and 
efficacy of hippocampal electrical stimulation (HES) for 
seizures associated with mesial temporal lobe epilepsy 
(MTLE) related to hippocampal sclerosis.64 The design in-
cluded a 3- month baseline period and three randomized 
blocks with an active HES and inactive HES (stimulation 
off) period for 1 month each. The patient and physician 
were blinded to the period allocation. The study allowed 
concomitant medication changes by an epileptologist 
blinded to the HES status.64 HES treatment was associated 
with a median percent reduction in seizure frequency of 
15% (inter- quartile range [IQR] 29%–2%), suggesting a 
modest overall benefit at group level with no statistical 
significance. Statistical analysis was performed but only 
descriptive statistics were reported at the individual and 
group levels. This n- of- 1 series did not report which pa-
tients remained on treatment.

Study 6, reported by Salman et al.,27 was a N- of- 1 trial 
in the case of a 27- year- old woman with drug- resistant 
epilepsy as well as weekly generalized tonic–clonic sei-
zures and daily absences. The study assessed the efficacy 
of wearing swimming goggles while showering on pre-
venting absences hypothesized to be triggered by fixation 
off- sensitivity. The study included seven consecutive cy-
cles of showering with and without goggles for 14 days. 
Prior to the intervention, a baseline visit to review seizure 
semiology was conducted and long- term video EEG was 
performed. The study was not randomized nor blinded. 
The authors report significant reduction in the occurrence 
of absences during showering while wearing goggles. As 
such, the intervention was considered succesful.

3.2 | Common study characteristics

In Studies 3, 4, and 6, the N- of- 1 approach was designed 
to aid clinical decision- making after open- label treat-
ment because there was uncertainty about the treatment 
effect for the individual.27,61,62 In Studies 1, 2, and 5, the 
aim was to study the efficacy and safety of the interven-
tion both at individual and group levels. All individuals 
followed an identical N- of- 1 design, with adjustments 
in dose (or HES stimulation settings) being permitted 
in each individual.59,60,64 In the N- of- 1 series assessed 
(Studies 1, 2, and 5), inclusion criteria were based on sei-
zure type and seizure frequency.59,60,64 Seizure frequency 
was the primary outcome measurement in five of the six 
studies (Studies 1, 2, 4–6).27,59,60,62–64 Studies 2, 3, and 5 

also monitored non- seizure outcomes.60,61,64 Frequentist, 
(non)- parametric analysis for primary outcomes was per-
formed in four studies.59–62,64 For five of the six studies 
(Studies 1, 2, 4–6), IRB approval was obtained.27,60,62,64 
Upon contact, the authors of Study 361 clarified that their 
IRB did not require approval for a clinical care N- of- 1 trial.

3.3 | Assessment of risk- of- bias

3.3.1 | Internal validity scores

On the RoBiNT Scale, the internal validity scores of 
the identified studies ranged between 5 and 11 points, 
of 14. Studies 2–6 had at least three paired crossover 
periods and fulfilled the most stringent design criteria 
with control periods. Study 1 included only two crosso-
vers, but there were three periods assessed in each pa-
tient.59 Studies 1–5 employed randomization.62–64 The 
frequency of observation of the target outcome could 
be considered a limitation because, despite use of daily 
seizure diaries, only aggregated data per period were 
provided59,60,64 and Study 6 reported only on occurrence 
of an event per period as a binary outcome.27 Studies 
1–5 were reportedly double- blind, but only Studies 1, 4, 
and 5 specified procedures for blinding of the investiga-
tor.59,62,64 Study 6 used goggles as an intervention and 
could not implement patient or assessor blinding due to 
the nature of the intervention.27 The four studies moni-
toring self- reported (daily) seizures as primary outcome 
(Studies 1, 2, 4, and 5) received full scores if the indi-
vidual was also blinded to the treatment phase.59,60,62,64 
Study 6 reported obtaining a video of the participant's 
seizures for the authors to evaluate occurrence of events 
and duration jointly but did not report on inter- rate 
agreement.27 Only one study used a validated outcome 
measurement as primary outcome and inter- rater agree-
ment was not reported.61 The studies that described 
the types of seizures recorded in seizure diaries were 
considered as using a “reasonably objective” outcome 
and given a moderate score for inter- rater agreement. 
Studies 1, 2, 3, and 4 did not evaluate treatment adher-
ence optimally according to the RoBiNT Scale score.59–62

3.3.2 | External validity scores

The studies' external validity scores ranged between 8 
and 11, of 15 points. The primary outcome was rated as 
the dependent variable and received the highest score 
for study 2, which described seizure types to be recorded 
by patients.60 Study 3 used a validated scoring system to 
monitor the cognitive functioning of the participant.61 
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All studies but Study 4 provided limited information on 
baseline characteristics (e.g., biological characteristics), 
disease severity, or an analysis of the impact of baseline 
characteristics on the outcome.60,62,64 Study 6 included a 
thorough description of patient characteristics at base-
line visit but did not provide objective measures of sei-
zure frequency prior to the start of the study.27 Studies 1 
and 3 provided limited information on the titration doses 
of felbamate and description of the placebo.59,61 Raw 
data records of the primary outcome were provided for 
Studies 3, 4, and 6.27,61,62 Studies 1 and 2 provided only 
aggregated data of all periods together, whereas Study 5, 
also an N- of- 1 trial series, provided aggregated data per 
patient across intervention and control periods.59,60,64 
All studies, except for Study 6, reported results of sta-
tistical (or descriptive) analysis, but only Studies 1 and 
4 provided a rationale for statistical test selection and 
related implications.59,62 Studies 1, 2, and 6 described 
the setting in which intervention was provided.27,59,60 
Generalization measures are described in the RoBiNT 
Scale score as measures to determine whether the ef-
fects of the intervention could be applicable to other 
behaviors.31 Studies 2, 3, and 5 included secondary out-
come measurements such as validated quality of life 
scores and neuropsychological testing, which we con-
sidered generalization measures.60,61,64 Studies 1, 2, and 
5 reporting on an N- of- 1 trial series on more than three 
patients scored the highest points for replication.59,60,64

The included studies scored low in reporting of base-
line characteristics (5/12 points), treatment adherence 
(6/12 points), sampling of the outcome (2/12 points), 
provision of raw data records (7/12 points), and provid-
ing a rationale for data analysis (7/12 points). Greater 
attention could have been paid to the description of 
the dependent variable to improve interpretation of the 
results and the reliability of the inter- rater agreement 
scores (4/12 points).

4  |  DISCUSSION

The results of this systematic literature review show that 
the N- of- 1 design has been used rarely in epilepsy trials, 
but also highlight the potential value of this design in 
epilepsy care and research. Only five studies meeting our 
criteria were identified. All identified studies aimed to ex-
plore or ascertain the efficacy and tolerability of interven-
tions in cases of clinical equipoise. The studies included 
mostly individuals with stable chronic disease and meas-
urable focal seizure frequency. The treatments included 
established or investigational antiseizure medications 
(ASMs) with reversible effects, one off- label repurposed 

medication targeting the epilepsy etiology, a neurostimu-
lation modality, and a lifestyle intervention.

Analysis of the identified articles suggests that future 
N- of- 1 studies in epilepsy could be improved by more de-
tailed and objective reporting of baseline characteristics, 
explicit reporting on blinding and randomization proce-
dures following the CENT 2015 guidelines,32 and report-
ing on rationale for selected statistical analysis method. 
In addition, reporting of the outcome measurement could 
be improved by defining seizure types reported and pro-
viding raw data records on seizure events or several mea-
surements per period. Evaluation of the methodological 
aspects of these studies can help frame the discussion 
on how the N- of- 1 design could be suitable in assessing 
epilepsy treatments, and which aspects should be consid-
ered in future N- of- 1 studies in individuals with epilepsy 
(Table 3).

4.1 | Design aspects of the included 
studies

Aspects of concern for neurologists interested in the N- 
of- 1 design to evaluate therapeutic interventions for 
people with epilepsy include (a) drug dosage, (b) crosso-
ver periods with alternating treatments, and (c) use of a 
placebo. Aspects of study design that could lead to risk 
of withdrawal seizures, seizure exacerbation, and sub- 
optimal treatment need to be considered. Failure to dem-
onstrate a treatment effect or overestimating a treatment 
effect could be related to bias introduced or unaccounted 
for in the design, such as the confounding effect of a non- 
stable course of disease, carryover effects, as well as sub- 
optimal assessment and analysis of the outcome.

4.1.1 | Concerns with applying the n- of- 1 
design for individuals with epilepsy

Dosage selection
N- of- 1 studies offer the advantage of individualized dose 
selection or the use of multiple dosages, but concerns re-
lated to complex titration schemes and trial length should 
be addressed. The three N- of- 1 series included here ex-
emplify the use of individualized doses. The study with 
dezinamide and felbamate used multiple doses adjusted 
according to tolerability.59,60 The study with unilateral 
HES allowed for determination of optimal intensity of 
HES per individual.64 The use of individualized dosages 
may pose logistical challenges, potentially prolonging 
trial duration and limiting generalizability of the results65 
(Table 3).
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The duration of uptitration and downtitration sched-
ules is another important consideration, particularly for 
treatments for which excessively fast titration has been 
associated with poor tolerability and potentially non- 
adherence.66,67 For medications requiring prolonged ti-
tration (more than 4–6 weeks), such as cenobamate and 
lamotrigine, the N- of- 1 design is unfeasible. Finally, 
during downtitration periods, care should be taken to 
minimize the risk of withdrawal seizures and related car-
ryover effects at completion of each treatment period.66,67

Crossover periods with alternating treatments
The use of the crossover design to evaluate therapeutic in-
terventions in epilepsy generates ethical concerns due to 
the potential impact of alternating active and inactive (or 
less- active) treatments on seizure control; particularly in 
vulnerable individuals such as those with developmental 
and epileptic encephalopathies (DEEs) and highly disa-
bling or potentially life- threatening seizures. Vulnerable 
individuals typically include children and people with in-
tellectual disability. Ethical boards need stronger justifica-
tion to approve studies for these groups and may require 
consent from their legally designated representative(s), 
at least for high- risk studies. Historically, epilepsy trials 
have addressed these challenges by including exit crite-
ria within the framework of adjunctive- therapy or non- 
inferiority designs.68,69 Interventions to be investigated 
in N- of- 1 trials should be applied adjunctively to the best 
standard of care and only after carefully balancing risks 
and potential benefits. For DEEs, there are often strong 
ethical arguments to support N- of- 1 studies because these 
disorders are generally very rare and there are few, if any, 
known treatments -  a consideration that may be used to 
justify adjunctive use of placebo. In fact, individuals with 
DEEs could benefit from a more scientific and systematic 
approach to treatment selection and evaluation. These 
individuals often have very frequent seizures, which 
may permit assessment of response over relatively short 
periods, thereby reducing duration of exposure to less- 
effective treatments as well as the overall duration of the 
trial. To minimize risks, the design of these trials should 
incorporate predefined exit criteria or other measures, 
such as close monitoring of the patient's response by an 
Independent Drug Safety Monitoring Board. The flexibil-
ity of the N- of- 1 trial design allows use of interim assess-
ments linked to safety and permits earlier termination of 
the trial without sacrificing the scientific validity of the 
results. The adaptability of the N- of- 1 design to reduce ex-
posure to inferior treatments using interim assessments is 
exemplified by N- of- 1 trials on first- line antihypertensive 
drugs in children.70 Safety criteria can ensure early termi-
nation of the trial should there be clear evidence of poor 
tolerability or lack of efficacy. Likewise, trial termination 

after only one treatment block may be warranted if defi-
nite evidence of benefit emerges, particularly in terms of 
a clearly reduced sudden unexpected death in epilepsy 
(SUDEP) risk. Four of the studies identified by our review 
monitored focal seizures,59,60,62,64 five studies provided 
treatments as add- on therapy,27,59,60,62–64 and none of the 
studies used exit rules or interim analysis.

Use of placebo
Studies 1–5 used placebo59–62 or sham- stimulation as a 
comparator.64 Studies 3 and 4 used placebo in the context 
of clinical decision- making. Blinding in clinical N- of- 1 tri-
als has been well accepted to minimize the influence of 
confounders such as patient or observer bias, which can 
lead to erroneous estimates of treatment effects. This is 
exemplified by double- blind N- of- 1 trials to assess statin 
intolerance and effectiveness of pain management strate-
gies in adults with osteoarthritis.71–74 In routine practice, 
the use of placebo may be challenging and costly, and 
may also raise serious ethical concerns in individuals with 
life- threatening seizures when other potentially effective 
treatments exist. Notably, a comparator does not neces-
sarily need to be placebo. Even when active comparators 
are used, such as multiple first- line treatments, blinding 
should be preferred to minimize the risk of bias, particu-
larly in research N- of- 1 trials.

4.1.2 | Design aspects affecting the 
reliability of the results measured

Randomization
Studies 1–5 reported using randomization.59–62,64 In other 
words, period sequence order is determined randomly, 
and the participant is exposed both to the intervention 
and comparator.31 In single- case study designs, employ-
ing counterbalanced order randomization enhances 
internal validity by minimizing confounding effects re-
sulting from time trends, natural course of disease, and 
setting.31,75 By using order randomization in N- of- 1 trials, 
disease symptoms would be measured frequently in sev-
eral periods with the treatment and comparator, thereby 
providing insights into symptom fluctuations over time, 
with and without the treatment of interest. Recent stud-
ies aim to comprehend the patterns of transient increases 
in seizures and discuss potential implications on clini-
cal management and trial design.76–79 In the context of 
RCTs assessing therapy efficacy by evaluating mean sei-
zure rates at group- level and over short periods of time, 
it may be particularly challenging to distinguish indi-
vidual responders from non- responders without account-
ing for patient- specific seizure rates and regression to the 
mean.79 In N- of- 1 studies, employing multiple, crossover 
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block- randomized periods can counteract or account for 
this source of variability and, therefore, prevent a biased 
interpretation of treatment effect. Assessing the potential 
for time- related bias requires detailed knowledge of the 
time course of symptoms prior to trial initiation and other 
individual characteristics, including disease etiology and 
expected course of the disease.

Carryover effects
The use of washout periods is intended to remove, or at 
least minimize, the carryover of treatment effects into 
the control period, which could impact the estimate of 
treatment outcomes. This is particularly important when 
testing medications with long half- lives or interventions 
with effects that may persist, such as brain- stimulation 
devices. Another confounding factor is the potential oc-
currence of withdrawal seizures. Use of downtitration and 
incorporation of an appropriate washout period can only 
minimize the effect of these potential confounders. In the 
two, N- of- 1 series (Studies 2 and 5), carryover effects were 
minimized by excluding seizure counts in the first week 
of each period from the analysis. Still, the authors did not 
justify the duration of this censored period.60,64 In Study 
1, 2- week titration periods were excluded from analy-
sis and carryover effects were statistically analyzed.59,80 
Study 3 omitted a washout period, despite reports on de-
layed effects of sodium valproate for up to 5 days.81 Based 
on the half- life of the medications tested or, in the case 
of HES, available data on carryover effects, we estimated 
the washout periods that would have been appropriate for 
these studies (Table S2). The results of the HES study were 
affected by carryover effects due to their short, censored 
period.64 Subsequent studies by the same team suggested 
that the prolonged carryover effect after stopping stimula-
tion requires washout periods longer than 3 months.82

Measurements
Aspects that can impact the reliability and generalizability 
of the measured treatment effect in N- of- 1 trials include 
the choice and assessment modalities of the selected out-
come measures, including the frequency at which these 
measures are assessed. Relevant outcome measurements 
in epilepsy N- of- 1 trials would be seizure frequency and 
severity as well as non- seizure outcomes such as cogni-
tion, language, motor function, quality of life, and enceph-
alographic biomarkers.

Choice of the outcome measures. The outcome measure 
used in four of the identified studies was the change in 
seizure frequency.59,60,62,64 Monitoring seizure frequency 
presents several challenges. Patients may be unaware of 
at least some of their seizures, and subtle seizures such 
as non- motor seizures or motor seizures with minimal 

behavioral manifestations may not be detected by 
caregivers. Seizures that occur very frequently and/or 
are very brief (e.g., epileptic spasms, absences) cannot be 
counted reliably by observers. Nocturnal seizures can also 
easily escape observation. Some patients may present with 
different types of seizures, not all of which can be assessed 
reliably. Some individuals are susceptible to seizure 
clusters, and it is important to predefine how seizures 
occurring in clusters are counted. In patients with very 
frequent seizures, video- EEG monitoring can be useful 
to assess response to treatment. Use of EEG biomarkers 
may be considered, but there are limitations with using 
EEG endpoints in epilepsy trials.83 One advantage of N- 
of- 1 trials is that the trial design, including duration of 
treatment periods and the methodology for assessing 
seizure response, can be tailored to the characteristics of 
the individual.

Irrespective of the challenges discussed, optimal as-
sessment of seizure outcomes requires defining which 
seizure types are primarily assessed, explaining how 
those are recognized and classified, and obtaining an es-
timate of their severity whenever feasible. For example, 
for the studies included in the present review, it would 
have been important to report how ictal episodes were 
monitored in patients with sleep- related seizures, or 
which was the most burdensome seizure type in those 
with MTLE.

Non- seizure outcomes can also impact the quality of 
life of individuals with epilepsy.84–87 Outcome measure-
ments related to cognition, behavior, communication, 
and motor development should be considered.83 This is a 
timely topic in view of ongoing efforts to develop precision 
treatments that target the etiology of rare epilepsies, espe-
cially DEEs. Some of these treatments aim at improving 
not only seizure control, but also any relevant comorbidi-
ties. N- of- 1- trials may have a role in assessing non- seizure 
outcomes, provided that studies can be designed to ad-
dress challenges related to practice effects, potentially 
persistent effects despite wash- out, and ethical issues 
associated with long study duration. Recent N- of- 1 trials 
in neurodevelopmental disorders highlight the impor-
tance of using personalized, disease- specific, and generic 
outcome measurements in patients with complex pheno-
types.88 Generic outcome and disease- specific outcome 
measurements should be validated tools with known psy-
chometric qualities and indication for applicability to re-
peated measurements during multiple crossovers.

When selecting non- seizure outcomes as endpoints in 
N- of- 1 trials, it is important to consider whether clinically 
relevant effects can be expected to occur over a time win-
dow compatible with a crossover trial design, and to be 
reversible during washout. In this respect, behavior, daily 
life functioning and alertness may be more suitable than 
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outcomes such as cognition or intelligence. The study 
by Gordon and colleagues61 assessed cognitive outcomes 
weekly by using the WISC- R Coding subtest. The results 
reported by the authors display an increase in WISC- R 
scores throughout the study. Although the scores during 
valproic acid treatment periods were significantly higher 
than those of the placebo, the authors did not account 
for potential practice effects that had previously been 
described.89,90 These studies illustrate the importance 
of appropriate implementation of outcome measures. 
Future studies, particularly for rare monogenic epilepsies 
with complex phenotypes, for which available validated 
epilepsy- related scoring tools may not be available, could 
use personalized outcome measurements.91 Similar to N- 
of- 1 trials in neurodevelopmental disorders and rehabili-
tation medicine, a self- defined scale reflecting the changes 
in symptom severity (as defined by the patient) could help 
quantify change in the patient's experience.92,93

Repeated measurements: Duration of the assessment 
period. For frequency- based outcomes, such as seizures, 
the recommended minimum duration of each period 
should be based on pre- existing seizure frequency and the 
“relevant seizure frequency change” desired by the patient/
caregiver or defined as the primary trial endpoint. N- of- 1 
trial manuals recommend using an “inverse rule of three” 
as a general guidance for N- of- 1 trials with endpoints 
based on frequency of events.9,19 For example, if seizures 
occur at intervals of up to 1 week, a 3- week evaluation 
period should be sufficient to have 95% certainty that at 

least one seizure will occur during that period, unless 
the intervention has been effective in reducing seizure 
frequency. If seizures are infrequent, differences between 
periods would be difficult to capture reliably unless 
period duration is prolonged and an unequivocal effect is 
maintained over time. Table 2 exemplifies how the inverse 
rule of three applies to the N- of- 1 studies included in this 
review that had seizures as outcomes. In three of the four 
trials, the actual period duration for at least some of the 
included participants was below the minimum duration 
calculated by the “inverse rule of three.”

In interpreting these findings, it is important to rec-
ognize that (a) duration according to this rule of thumb 
will have limited power in measuring change, and (b) for 
outcomes that may occur in clusters, the rule of thumb 
alone may be difficult to apply unless clusters are quan-
tifiable and occur at frequent intervals. Study 1 explicitly 
excluded patients with focal seizures occurring in clusters 
to avoid inaccurate reporting but did not consider inter-
vals between clusters.59 Ideally, period duration should 
be justified based on the event frequency during the base-
line period and the maximum intervals between events 
(Table  2). A more robust method would involve the use 
of statistical modeling to determine the minimum period 
duration and treatment cycles required, based on seizure 
frequency and the minimally clinically relevant effect ex-
pected depending on treatment and patient characteris-
tics.94 Finally, investigators should consider whether an 
N- of- 1 trial is suitable if the required period duration is 
too long, resulting in increased patient burden and poor 

T A B L E  2  Period duration according to (seizure) frequency outcomes in N- of- 1 trials in epilepsy.

Authors
Outcome measure of interest at baseline 
(duration of baseline)

Minimum duration 
according to rule of thumb 
“inverse rule of 3”a

Actual period 
duration in trial 
design

Theodore et al.59 At least 6 seizures per a 3- week period, at 
least one seizure every week and no more 
than 1 week with a single seizure (3- week 
prospective baseline)

21 days 14 days

Privitera et al.60 Four focal seizures per month, with no more 
than 20 consecutive seizure- free days (5 weeks)

21 days
60 days

28 days excluding 
washout days

Tellez- Zenteno et al.64 2.3 to 25 seizures per month 52 days for the patient with 
lowest seizure frequency

21 days excluding 
washout days

Willoughby et al.62,63 Based on open- label phase, average 1–2 
seizures per day
1–5 consecutive seizure- free daysb

3–6 days
15 days

14 days

aWe compare the actual period duration from the included N- of- 1 trials to what would be recommended by the “inverse rule of 3.” No information was 
available on the inter- seizure interval of the included patients at baseline and an estimated average inter- seizure interval was calculated based on the baseline 
seizure frequency of the included patients62–64 or minimum seizure frequency required for inclusion criteria.59,60 This may not reflect true seizure intervals of 
the patients included.
bPublished seizure diary from open- label phase used to estimate average inter- seizure intervals to estimate minimum period duration according to “inverse 
rule of 3.”
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adherence to treatment and reporting requirements. In 
line with this, a statistical model to accelerate N- of- 1 trial 
decision- making, by estimating treatment effects contin-
uously during trial periods, could allow shortening of the 
trial duration without compromising the reliability of the 
results.

Statistical analysis
Graphical representation of N- of- 1 trial results provides 
an initial basis for visual interpretation.18 A combined ap-
proach with statistical analysis, however, is desirable to aid 
in decision- making, and this is feasible for single- patient 
studies and a series of N- of- 1 trials. The studies included 
used frequentist statistical tests, including the Wilcoxon 
rank- sum test,62 randomization test,60 one- tailed Mann–
Whitney test,61 and paired t tests.64 These statistical tests 
can assess the difference between interventions but do 
not account for the time- series aspect of the data and are 
unsuitable for aggregate results. N- of- 1 trial analysis can 
be performed using frequentist mixed- effects models or 
Bayesian models, which can address complex aspects of 
time- series data such as time trends, auto- correlation, 
outliers, and heterogeneity of treatment effects between 
individuals and aggregate results to generate group- level 
estimates.14,15,95–103

The use of Bayesian inference for N- of- 1 trials has 
gained special attention for trials due to several advan-
tages.104,105 It computes the probability of minimally clin-
ically relevant treatment effect given the data obtained 
and previously available data. In contrast to frequentist 
analysis in which the results reflect the probability of re-
sults compared to the null hypothesis and estimates do not 
necessarily reflect a meaningful clinical effect. Knowledge 
of estimated effect size over successive N- of- 1 trials can 
be incorporated into “informed Bayesian models,” which 
can update the estimates continuously for each patient 
and be used as interim analysis to establish with suffi-
cient certainty whether a predefined outcome has been 
obtained and terminate an individual trial accordingly.104 
Similarly, updating group- level estimates with each indi-
vidual case, or “borrowing strength” from previous cases, 
can lead to terminating a trial in cases when a meaningful 
treatment effect has been achieved.14,106,107 As an exam-
ple, the study by Stunnenberg et al.14 assessed the efficacy 
of mexiletine in patients with non- dystrophic myotonia 
in aggregated N- of- 1 trials, highlighting the benefits of a 
Bayesian compared to a frequentist approach. Although 
the effect size for the primary outcome was comparable 
to that estimated by frequentist analysis, Bayesian anal-
ysis showed that a meaningful difference at group level 
could be identified with sufficient certainty after 11 in-
dividual N- of- 1 treatment sets had been completed.14 Of 
the 27 patients included, 23 completed a single treatment 

cycle and 4 completed a second treatment cycle, high-
lighting how an interim assessment demonstrating a dif-
ference between treatments can lead to early termination 
of a trial.14 This approach allows robust analysis of N- 
of- 1 studies for rare diseases at the individual and group 
levels, and aligns well with the clinical decision- making 
process.

4.2 | Strengths and limitations of 
this study

The RoBiNT Scale score for risk of bias assessment of the n- 
of- 1 trials identified in this review has some limitations.31 
The RoBiNT Scale was adjusted from behavioral trials to 
application in N- of- 1 trials in medicine, but it has not been 
validated formally for pharmacological N- of- 1 trials (per-
sonal communication with Prof. Robyn Tate, April 2022). 
Items of the RoBiNT Scale score that seem less applicable 
to N- of- 1 trials in patients self- reporting the occurrence of 
seizures in ambulatory care are inter- rater agreement and 
setting. Currently, there is no risk of bias assessment tool 
validated for N- of- 1 trials in medicine.

This review applied strict criteria in defining N- of- 1 
studies and included only predefined, crossover studies 
with more than one repeated cycle, which differs from 
the criteria used by another recent systematic review on 
N- of- 1 trials in neurological diseases24 and could be con-
sidered a limitation. This decision was made to learn from 
N- of- 1 trial methodology specifically, rather than variants 
of single crossover studies. Despite the stringent inclusion 
criteria, we identified two studies, which, to our knowl-
edge, had not been reviewed previously.59,64 The strengths 
of this review are the signaling of design aspects relevant 
to N- of- 1 trials in epilepsy, along with recommendations 
for future studies.

4.3 | Paving the way forward

Our review sets the stage for a broader discussion of 
the role of the N- of- 1 trial design in future epilepsy re-
search and care. We provided an analysis of relevant 
methodological aspects (Table 3) and outlined implica-
tions for using this design in addressing challenges in 
demonstrating treatment effects and optimizing treat-
ment selection in epilepsy. The trials identified by our 
systematic review were conducted mainly in individuals 
with stable disease and recurrent focal seizures. By re-
viewing methodological issues related to these studies, 
we illustrate key points to be addressed in N- of- 1 epi-
lepsy trials, including the temporal distribution of sei-
zures, non- seizure outcomes, subtle seizure types, and 
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T A B L E  3  Design aspects to be improved in N- of- 1 trial designs in epilepsy.

Methodological aspects Challenge Recommendations

Rationale Well- defined rationale for treatment selection, 
based on etiology or patient characteristics and 
comorbidities, as well as rationale for use of 
the N- of- 1 design, will aid in interpretation and 
generalization of results

Define inclusion and exclusion criteria 
considering objective baseline characteristics 
(using known diagnostic criteria or classification) 
to interpret and generalize results. Clinical or 
research question should be defined

Dose- selection Although N- of- 1 trials allow for selection of 
individualized dosages, optimizing choice of doses 
and controlling for drug interactions could be 
problematic. Generalizing results from N- of- 1 trials 
with individualized doses might also be challenging

Patients could be randomized to receive different 
dosages consecutively

If an initial open- label treatment phase is used to 
identify optimal dose or responders, exposure prior 
to double- blinding could lead to bias due to learning 
effects and limit external validity of results

If an enrichment phase is included (i.e., open 
label treatment to identify potential responders to 
be included in the double- blind trial), results will 
be generalizable only to initial responders

Interactions with concomitant ASMs leading to 
changes in drug concentration may confound 
assessment of efficacy and tolerability data

Monitor serum concentration of concomitant 
ASMs and intervention of interest

Number of periods Defining number of periods and measurements 
required to demonstrate effect of intervention

The standard recommendation for N- of- 1 
trials is the use of at least three pairs of active 
and comparator intervention (ABABAB, in 
randomized order) to provide sufficient data to 
demonstrate an effect

Maintaining compliance during the trial It is desirable to keep the trial duration as short 
as feasible considering the tendency of patients 
to reduce compliance with trial procedures (and 
increased chance of dropout) when trial duration 
is prolonged. However, this is dependent on 
burden imposed by trial procedures

Interim analysis and premature termination of the 
study for safety, demonstrated benefit or futility 
reasons provides a more- patient friendly alternative, 
but can hinder statistical analysis in aggregated 
trials

Define unequivocally safety, efficacy and exit 
criteria for interim analysis. Use Bayesian analysis 
to circumvent threshold for statistical significance 
required in frequentist analysis. Provide outcomes 
as probabilities for the hypotheses. Consider 
having an Independent Data Safety Monitoring 
Committee in place

Period duration Duration of period should be defined based on 
treatment characteristics, time required to measure 
outcome repeatedly, and compromise to minimize 
burden for patient and maintain compliance. 
Baseline seizure frequency (when seizure frequency 
is the efficacy endpoint) and need for dose titration 
are key factors in deciding optimal trial duration

Properties of the outcomes measured used and 
treatment characteristics should be substantiated 
when explaining design
For frequency- based outcomes such as seizures, 
period duration should be long enough to 
capture enough events and changes. Statistically 
substantiated period duration could be established

Carryover effects Carryover effects can confound results if treatment 
effects are not rapidly reversible. This will affect 
trial validity

Include appropriate washout period or censoring 
of outcome measures during the initial part of 
each subsequent treatment period, based on 
careful consideration of expected duration of 
carryover effects
Some treatments with a “long” run- in period 
(until full effectiveness) introduce a natural 
washout at the beginning of a period. Given these 
treatments have no interaction with the treatment 
in subsequent period the “long” run- in period can 
overlap with the subsequent or preceding period

(Continues)
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complex phenotypes. The N- of- 1 design can be espe-
cially valuable for rare DEEs, including the increasingly 
diagnosed array of monogenic epilepsies. Many of these 
disorders could benefit from personalized precision 

treatments supported by robust statistical analysis as 
an advance over therapeutic trials taking place in the 
setting of routine clinical care. Results of N- of- 1 trials 
in rare epilepsies should be interpreted in the context 

Methodological aspects Challenge Recommendations

Randomization Non- stable course of disease, progression, or natural 
fluctuations

Use counterbalanced order randomization to 
minimize time- related bias, and distinguish 
between treatment effects and course of disease

Reporting on randomization strategy used Report according to CENT 201532

Use of placebo and 
blinding

Obtaining placebo as sole comparator or as double- 
dummy in blinded active- control trials may be 
expensive both in research as well as clinical care

For clinical care, advocate for ad hoc funding 
within specific institutions. For research, advocate 
for funding applications within appropriate 
sources. Consider asking for support from 
industry as applicable

Blinding patient, providers of the intervention and/
or outcome assessor stated but not demonstrated

Report according to CENT 201532

Outcome measurement Time required to assess outcome relates to type 
of outcome seizure, characteristics of the patient 
and time course of drug effect. For some measures. 
several data points per period may be desirable to 
improve accuracy of estimates

See discussion on period duration and 
outcomes in the included studies. Frequency of 
measurements should also be defined

Choice of primary and secondary outcome measures 
should be justified. Outcome measures (disease- 
specific or generic) should be individualized and as 
objective as possible

Select appropriate outcome measures to reflect 
disease manifestations, clinical meaningfulness 
and burden for patient. Increase objectivity of 
outcome with adaptable validated questionnaires 
such as: Goal Attainment Scale to predefine and 
standardize response options

Generalizable, disease- specific outcomes may not 
have been used or validated for N- of- 1 trials

If disease- specific outcomes are not validated 
for complex phenotypes or use in N- of- 1 studies, 
preliminary pilot studies could aid in assessing 
their performance in this context. Psychometric 
qualities of some score may allow repeated 
measurements at intervals suitable for application 
in N- of- 1 trials

Analysis Choice of statistical design appropriate for data 
analysis can be challenging for N- of- 1 trials. 
Aspects such as order of periods, time- series data, 
autocorrelation are not accounted for in simple 
(non- parametric) frequentist tests

Statistical testing should support visual inspection 
of data

Low prevalence and interpatient heterogeneity 
hamper efforts to conduct many N- of- 1 trials to 
generate population level conclusions

Mixed linear models or hierarchical Bayesian 
analysis would be most suitable. User- friendly, 
open- access, statistical software can provide step 
by step guidance and support adequate analysis 
and interpretation of N- of- 1 trial results

Bayesian inference can ‘borrow strength’ from 
prior knowledge to optimize estimates for 
individual patients and group- level14,105–108

Ethical aspects and 
regulatory procedures

There can be uncertainty regarding which aspects 
render an N- of- 1 trial a research endeavor or part of 
clinical care
Informed consent procedures for N- of- 1 trials in 
care and n- of- 1 trials in research may differ and 
should be defined

Ethical framework on N- of- 1 strategies in research 
and care could define level of required oversight, 
and which informed consent procedures apply112

T A B L E  3  (Continued)
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of natural history studies. N- of- 1 trials can also be con-
ducted in other areas, for example, to assess the feasibil-
ity of treatment discontinuation, especially in cases of 
polypharmacy,23 using adaptive designs.

The range of existing epilepsy- related phenotypes and 
emerging therapies calls for tailored N- of- 1 trial method-
ologies that can be applied readily with varying degrees of 
methodological rigor. Motivated by the need to improve 
evidence- based treatment selection for rare epilepsies, sev-
eral authors of this review are part of a consortium formed 
by members of the European Reference Network for Rare 
and Complex Epilepsies (EpiCARE) that has set out to de-
velop tailored N- of- 1 trial methodology for rare and drug- 
resistant epilepsies. Tailored N- of- 1 methodology addresses 
aspects such as dose selection, optimal baseline monitor-
ing, randomization strategies, frequency of outcome mea-
surement, adequate duration of treatment periods, and 
statistical analysis. All the aforementioned aspects (also in 
Table 3) are within the remit of our consortium. Due to the 
hybrid nature of N- of- 1 trials, which can incorporate com-
ponents of research as well as individualized care, it has 
been debated whether some of these trials should be con-
ducted under the rules of research or clinical care.28,108–111 
Members of our consortium have recently proposed an eth-
ical framework defining the standards for N- of- 1 trials in 
research or care, and the respective oversight procedures.112 
Carefully designed N- of- 1 trials in clinical care can be con-
sidered an advance over the common utilization of trials of 
off- label treatments in routine clinical care. The incremen-
tal value provided by these studies in terms of improved 
clinical care and scientific knowledge is an important issue 
that will require formal assessment in parallel with increas-
ing utilization of this trial design.

Both the European Medicines Agency and the U.S. 
Food and Drug Administration have issued guidance 
documents on the use of N- of- 1 trials to investigate novel 
treatments targeting rare diseases.113,114 In addition, a for-
mal network of individuals with an interest in N- of- 1 tri-
als has been established at the international level, aimed 
at providing opportunities for collaboration, a global 
communication channel, resource sharing, and knowl-
edge exchange.115 Ultimately these efforts (tailored N- of- 1 
methodology within an ethical framework) could provide 
the grounds to obtain group- level evidence to support the 
licensing and reimbursement policies for repurposed or 
novel treatments.116,117
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