
The n-of-1 clinical trial: the ultimate strategy for 
individualizing medicine?

There is growing acceptance that the develop-
ment of medical interventions that work ubiq-
uitously (or under most circumstances) for the 
majority of common chronic conditions is excep-
tionally difficult and all too often has proved 
to be fruitless [1,2]. This recognition has led to 
the notion that the clinical practice of medicine 
should acknowledge and embrace the unique 
characteristics of individual patients, particu-
larly at the genetic level, and seek to individu-
alize patient care [3–5]. In addition, there has 
been a great deal of emphasis on obtaining and 
evaluating objective criteria for claims that cer-
tain interventions work better than others. For 
example, initiatives to facilitate and promote 
‘evidence-based’ medicine [6,7] and ‘comparative 
effectiveness’ research [8] have been proposed by 
many government and research agencies. In fact, 
these beliefs are so strong that legislation to pro-
mote research and practices aimed at personaliz-
ing medicine has been introduced in at least the 
USA [9], and the US NIH has initiated large scale 
programs to facilitate comparative effectiveness 
research. Such initiatives have even become a 
rallying cry for reinvigorating the troubled US 
healthcare system [10–13].

The interest in evidence-based as well as 
individualized medicine has led to some very 
notable discoveries. For example, for individual-
ized medicine, genetic data has been exploited to 
identify therapies appropriate for an individual 
and has led to changes in drug oversight policy 
and the way certain drugs have been labeled. 

For example, many cancer therapeutic responses 
have been demonstrated to be influenced by 
very specific tumor genetic profiles, which 
has led to the obvious notion that before one 
administers the relevant compounds, a patient’s 
tumor should be screened for the presence of 
specific genetic profiles [14]. In fact, the drug 
cetuximab (Erbitux®) used to treat colorectal 
cancer is rendered ineffective in the presence of 
a specific mutation in the KRAS protein in the 
tumor [15]. In response, the US FDA relabeled 
the drug to indicate a need for genetic profil-
ing before administering the drug. There are 
many other instances in which connections 
between the presence of genetic variations and 
noncancer drug effectiveness or side-effect pro-
files have been made that have led to FDA rela-
beling, such as warfarin, carbamazepine, and 
clopidogrel [16,17]. At present, approximately 
10% of labels for FDA-approved drugs contain 
pharmacogenomic information. In addition, the 
FDA is actively involved in creating a stream-
lined review approach to diagnostic companion 
tests with therapeutics where n‑of‑1 trials could 
play a role in facilitating the approval process [18].

As compelling as these studies and consequent 
drug administration policy changes are, they 
do not necessarily indicate a shift towards true 
individualized medicine since they only reflect 
attempts to fractionate or stratify the larger pop-
ulation into smaller groups likely and not likely 
to benefit from specific treatments [19]. Hence, 
they do not involve a true consideration of all the 
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nuances and characteristics individual patients 
may have that would dictate – or be most com-
patible with – therapies tailored specifically to 
those patient characteristics. Obviously, as more 
insights or connections between various factors 
and drug responses are revealed, the more likely 
clinical care can be specifically directed to the 
unique combinations of factors that define an 
individual patient’s clinical presentation. Until 
that time, however, for many clinical condi-
tions, a physician is faced with the dilemma of 
true ‘clinical equipoise’ in which the best course 
of therapy is unknown a priori simply because 
connections between individual patient char-
acteristics, such as genetic profile, and likely 
response to particular therapeutic agents have 
not been identified. Many physicians recognize 
that the practice of medicine is individualized 
medicine but not in a systematic manner across 
every patient, physician and health institution. 
N-of-1 trials, which focus on the objective deter-
mination of the optimal therapy for a single 
individual, can possibly improve outcomes by 
preserving some homogeneity while stratifying 
care among patients.

An intuitive way around this dilemma is to 
treat the individual patient as a study subject and 
objectively and empirically determine the best 
course of therapy. Such single subject or ‘n‑of‑1’ 
trials have great precedent in educational and 
behavioral settings, but have not been used to 
an appreciable degree within the medical and 
clinical communities; in fact, many such trials 
have been disparaged as ‘only anecdotal’ [20]. 
There are many reasons for this, not the least of 
which is cost, but n‑of‑1 studies are a promising 
way to advance individualized medicine and a 
method for gaining insights into comparative 
treatment effectiveness among a wide variety of 
patients. We review the design and conduct of 
n‑of‑1 studies and suggest that modern remote 
wireless medical devices may play a big role in 
their execution in the future. We also consider 
some of the drawbacks to such studies as well as 
areas for future research.

Do n‑of‑1 clinical trials have a role in 
clinical science?
Randomized controlled trials (RCTs) are con-
sidered the sine qua non of applied biomedical 
research. The objective evaluation of the ben-
efits and problems associated with novel clinical 
interventions by directly comparing them with 
standard or sham (placebo) interventions allows 
claims to be made about the ultimate effective-
ness and utility of those interventions. Although 

the amount of evidence one might need in order 
to motivate the pursuit of a clinical interven-
tion in the absence of a clinical trial is arguable, 
the basic motivation and scientific foundation 
behind clinical trials are not in doubt and few 
would argue that the positive results of a well-
designed clinical trial could ever hurt the case 
for implementing or pursuing an intervention. 
The appropriateness of different designs for 
clinical trials, however, is highly debatable and 
a rich area of biostatistical research. For example, 
the appropriateness of certain kinds of adaptive 
designs, which minimize the amount of time a 
subject is on an inferior intervention, sequential 
designs that seek to reach a conclusion about an 
intervention prior to a fixed, prespecified lengthy 
data collection process, crossover designs that 
allow subjects to act as their own controls, and 
other strategies all come with challenges that 
need to be considered when vetting or testing 
particular interventions especially for rare dis-
eases and unique situations [21–23].

One issue that has been of immense histori-
cal and clinical importance in the design and 
conduct of clinical trials involves the generaliz-
ability of the results, especially if they suggest a 
novel intervention has utility. Addressing this 
issue is important because it obviously impacts 
wider use, dissemination and marketing of an 
intervention after the completion of a success-
ful clinical trial. Ensuring that a trial’s design 
and subject enrollment facilitates applicability 
of the results is not trivial given the tremendous 
heterogeneity of diseased populations. In this 
light, n‑of‑1 trials that focus exclusively on the 
objective, empirically-determined optimal inter-
vention for a single patient or subject clearly defy 
easy generalizability, but are compatible with 
the ultimate end point of clinical practice – the 
care of individual patients. In addition, clini-
cal studies focusing on the treatment of single 
patients is, as noted previously, actually more 
consistent with the vision of individualized or 
personalized medicine than stratifying patients 
into groups more or less likely to benefit from 
a specific treatment on the basis of population-
level association studies [24,25]. Finally, as dis-
cussed later, n‑of‑1 trials could be very efficient 
and less costly vehicles for motivating serious 
consideration about an intervention with respect 
to other patients, larger patient groups, or other 
clinical conditions.

N-of-1 trials have been pursued routinely 
in education and learning settings [26], often 
in behavioral and psychological assessment 
settings, but, with the exception of studies of 
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pain medications (Table 1) [27], although rarely 
in medical settings (Table 2). The reasons for this 
are unclear but may have to do with the phy-
sician’s ability to effectively monitor relevant 
clinical end points easily and remotely, as well 
as the costs and time involved by both patient 
and physician in conducting n‑of‑1 trials [28,29]. 
Although modern wireless health monitoring 
devices may help overcome these problems as 
discussed later. The ultimate benefits of n‑of‑1 
trials may derive from the reality that interven-
tions of whatever type rarely work in everyone. If 
comparable interventions have differing effects 
across groups of patients defined by certain 
characteristics, then it is highly likely that these 
interventions will show variation in efficacy 
between individuals even within specific strata, 
as long as those strata are defined appropriately 
[30–32]. N-of-1 trials explore this variability in an 
objective way while simultaneously leading to an 
informed decision about the best way to treat 
an individual patient using his or her own data. 
Furthermore, with the rising cost of patient care 
(including drug costs and clinic visits), it is desir-
able to minimize clinic visits and patient time 
on a suboptimal treatment. Therefore, although 
outcomes must be shown on a case-by-case basis, 
it is possible that efficient n‑of‑1 trials will be 
comparatively more effective at identifying and 
minimizing the time on suboptimal interven-
tions than standard care [33].

In the light of issues surrounding the feasi-
bility of specific types of clinical trial, there are 
medical care settings, such as palliative care, that 
defy the successful completion of RCTs owing to 
substantial methodological barriers. Recruiting 

and retaining subjects along with maintaining 
distinct interventions are challenged by patient 
variation related to disease burden, complex 
needs and changing symptomology. RCTs in 
palliative care fail because of the inability to 
recruit and retain sufficient numbers of subjects 
to achieve necessary sample size requirements 
[34]. As a result of the paucity of RCTs with 
relevant subset analyses, RCTs as a whole have 
failed to inform drug selection for an individual 
patient requiring palliative care. Thus, with the 
great variability in responses exhibited among 
individual patient responses and the availabil-
ity of multiple drugs, a ‘hit-or-miss’ approach is 
often used until a drug and dose with acceptable 
efficacy and tolerable side effects is found. Until 
this occurs, patients may suffer through exten-
sive periods of suboptimal treatment [35]. N-of-1 
trials have thus been proposed as an alternative 
method of gathering evidence to inform pallia-
tive care decision-making [27].

Although n‑of‑1 trials, by definition, seem-
ingly eschew consideration of the population-
level effects of an intervention, they do not 
necessarily have to, as discussed in the section 
on ‘Combining and Evaluating Multiple n‑of‑1 
Trials.’ Meta-analysis of the outcomes of multiple 
n‑of‑1 trials could be compared with standard 
treatment regimens and help put into context 
the utility and practicality of n‑of‑1 trials (see 
later) [36,37]. In addition, if there are many inter-
ventions that contribute to an apparent state of 
clinical equipoise, then leveraging insights into 
how individuals within populations might be 
stratified on the basis of genetic or clinical risk 
profile information from large-scale trials could 

Table 1. Examples of individual and combined n-of-1 studies investigating the utility of an intervention in pain 
and discomfort related to a disease.

Disease Trials (n) Intervention (Dx) Results Ref.

Chronic neuropathic pain 73 Gabapentin N-of-1 trials impacted Tx use of gabapentin [40]

Childhood arthritic pain 6 Amitriptyline No benefit of amitriptyline [37]

Refractory neuralgia 1 Spinal cord stimulation Study led to effective use of stimulation [61]

Osteoarthitis 56 Paracetamol/celecoxib Paracetamol more effective [40]

Nausea from chemotherapy 12 Metopimazine Metopimazine use is beneficial [62]

Skeletal cramping 13 Quinine Heterogeneity in quinine response [63]

Chronic pain 116 Paracetamol/ibuprofen N-of-1 trials led to many Tx changes [64]

Osteoarthritis pain 51 NSAIDs N-of-1 trials slightly better than standard [57]

Chronic pain 34 Cannabis extracts 28 out of 34 patients achieved benefit [65]

Migraine 32 Dextroamphetamine Improvements with dextroamphetamine [66]

Osteoarthritis 13 NSAIDs Heterogeneity in response to NSAIDs [67]

Depression 5 Methylphenidate Two patients improvement with Dx [68]

Chronic pain 21 Ketamine Small subgroup responded to Dx [69]

Osteoarthritis pain 25 NSAIDs NSAIDs are useful in pain management [70]

Dx: Diagnosis; NSAID: Nonsteroidal anti-inflammatory drug; Tx: Treatment.
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lead to the study of a subset of all possible inter-
ventions in an n‑of‑1 trial involving a patient 
with a specific genetic or clinical risk profile. 

As useful as n‑of‑1 trials are in many situa-
tions they may not be possible or ideal for certain 
conditions owing to the nature of the symptoms 
and pathologies associated with a given condi-
tion, the clinical stability of the condition, as 
well as the clinical assessments necessary for 
conducting a trial. This has been shown to be 
problematic in standard crossover trials as well 
[38]. An example is infectious conditions that 
progress or regress relatively rapidly. In this con-
text, chronic conditions for which there are eas-
ily measurable clinical end points and where the 
drugs or interventions that are to be tested have 
a relatively short half-life are the most amenable 
to n‑of‑1 trials [39]. 

Design issues in n-of-1 clinical trials
The design of n‑of‑1 trials is rooted in standard 
techniques and strategies used in the design of 
population-based clinical trials with a few cave-
ats. For example, simple crossover designs in 
which the order of the administration of two 
compounds, one perhaps being a placebo, is 
randomized across different subjects enrolled 
in n‑of‑1 studies has been used often. In fact, 
there is a multitude of literature in the educa-
tion research community on these types of 
designs for which one treatment or compound 
is labeled ‘A’ and the other is labeled ‘B’. Thus, 

an ABAB design would involve a four period 
crossover design [24,25]. The number and length 
of the crossover periods would be dictated by 
the nature of the outcome and interventions as 
well as the statistical power associated with the 
chosen number of observations or data collec-
tion points within each period given the likely 
differential effect of the interventions. Although 
some confounding factors cannot be eliminated 
entirely, a greater number of periods within 
which different interventions are pursued, 
though more costly and time-consuming, can 
also help reduce the confounding effects of other 
lifestyle modifications the patient may pursue – 
or need to pursue – during the course of the trial 
in order to treat his/her condition (e.g., dietary 
modification and exercise regime). In addition, 
it is quite possible that for any n‑of‑1 design, 
not enough evidence favoring one intervention 
over another might occur. If both interventions 
did not achieve some reasonable target then the 
interventions might be seen as equally ineffec-
tive. If they both achieve a target but equally 
well, then either intervention might be appro-
priate for future use. Obviously, increasing the 
length or sophistication of the trial may help 
resolve issues of ambiguity like this. There is a 
trade-off, as with any trial design, patient reten-
tion is jeopardized with a longer trial. 

The simple ABAB design raises at least four 
related design questions. First, should one ran-
domize the sequence in which interventions are 

Table 2. Examples of individual and combined n-of-1 studies investigating the utility of an intervention in the 
treatment of a disease.

Disease Trials (n) Intervention (Dx) Results Ref.

COPD 26 Ambulatory oxygen Reported use of oxygen is biased [71]

OCTD 1 l-arginine diet l-arginine improved health [72]

Brain injury NR Methylphenidate No benefit of methylphenidate [73]

Oral mucositis 16 Topical vitamin E No benefit of topical vitamin E [74]

Chronic fatigue 4 Spirulina No effect of spirulina [75]

ADHD 86 Stimulants 28 out of 64 trials led to change of Tx [56]

Anticoagulation 7 Generic/brand warfarin No difference between generic/brand [76]

Sleep disturbances 15 Temazepam Temazepam is beneficial [67]

Sleep disturbances 42 Valerian Valerian did not improve sleep [77]

COPD 27 Eformoteral No effect of eformoterol [78]

Cystic fibrosis 48 Recombinant DNase Marginal improvements with Dx [79]

Severe CM poisoning 1 Donepezil No effect of donepezil on memory [80]

Reflux disease 32 Omeprazole/ranitidine Utility of n‑of‑1 trials was observed [81]

Depression 5 Methylphenidate Two patients improvement with Dx [68]

Cystic fibrosis 52 Recombinant DNase Marked Improvements after Dx [82]

ADHD 43 Methylphenidate Improvement with methylphenidate [83]

Chronic airflow limits 68 Theophylline N-of-1 studies no better than standard Tx [84]

ADHD: Attention deficit hyperactivity disorder; CM: Carbon monoxide; COPD: Chronic obstructive pulmonary disease; Dx: Diagnosis; NR: Not reported; 
OCTS: Overlap connective tissue disease; Tx: Treatment.
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administered to a single patient such that they 
may not be alternating? For example, by ran-
domizing the sequence in a six-period design, 
the order of the treatments might be AABABB 
or the possibly more interpretively problematic 
order AAABBB. An argument for the use of 
randomized sequencing, as opposed to simply 
randomizing the intervention labeled A and B, 
could be made if the intention was to pursue 
many n‑of‑1 trials and then assess the results 
via combined or meta-analysis (see later) where 
order effects of the treatments might be of 
interest. Another argument for randomizing 
the sequence would be if a patient’s disease or 
lifestyle choices exhibit periodicity.

A second question concerns the carry-over 
effects of the interventions. Many drugs and 
behavioral interventions may linger in the system 
or influence the behavioral patterns and psyche of 
the patient once their administration is stopped, 
thereby influencing future interventions. Such 
effects may confound the interpretation of 
the effectiveness of subsequent interventions. 
Sequence randomization and meta-analyses may 
help identify and assess such effects, but to really 
combat them in any one study it is important to 
ensure that the treatment periods are sufficiently 
long and that statistical methods that appropri-
ately accommodate or consider carry-over effects 
are used to analyze the data. A third question is 
directly related to the first two and it concerns the 
use of washout periods between administrations 
of interventions. Washout periods can be used 
to combat carry-over effects, but their use may 
compromise patient safety since they may result 
in taking a patient off all treatments during the 
course of the trial (although such an approach is 
no different in orientation from large trial ran-
domization to a placebo arm, or to the use of 
washout periods in a population-based trial). 

The fourth question concerns the use of blind-
ing, baseline periods and placebo controls. As 
with the use of washout periods, the establish-
ment of a baseline and the use of placebos may 
compromise the patient if they are completely 
taken off treatments. The use of blinding is argu-
ably essential for the success of such trials and 
should involve blinding of the patient as well as 
the evaluating physicians and clinical monitoring 
team. Obviously, as with standard population-
based clinical trials, an objective, ‘behind-the-
scenes,’ unblinded research team should drive the 
overarching aspects of the study. Figure 1 depicts 
the results of two hypothetical n‑of‑1 trials with 
an ABABABAB design with baseline and wash-
out periods after each treatment. 

A study by Yelland et  al. provides a good 
example of a series of actual n‑of‑1 clinical tri-
als [40]. A comparison of two treatments for 
osteoarthritsis, celecoxib and paracetamol, were 
assessed. The design of the trial was based on 
a double-blind, crossover comparison where a 
subject took either celecoxib or sustained-release 
paracetamol for three pairs of 2‑week periods. 
The order of the drugs during each pairing was 
random. Both patients and physicians did not 
know the order of the drug regimens until after 
the study was completed and data comparing 
treatment response was pursued. 

Analysis of n-of-1 clinical trials
Analyzing data from n‑of‑1 trials has parallels 
to the analysis of traditional population-based 
crossover design clinical trials, again with a few 
caveats. The most obvious caveat has to do with 
the fact that the assessment of the effects of 
interindividual variation (e.g., symptoms, side 
effects, treatment response) is of no immedi-
ate concern. Another relates to the likelihood 
that more intensive data collection would be 
associated with n‑of‑1 trials rather than popu-
lation-based trials. Thus, the large number of 
observations collected on a patient in an n‑of‑1 
trial suggests that data analysis methods more 
in line with time-series analysis, which assume 
many observations rather than methods, such 
as simple repeated measures analysis of variance 
and related techniques, designed for a relatively 
few observations, are appropriate. 

The actual statistical methods that have been 
used in the analysis of n‑of‑1 trials range from 
visual inspection techniques for making clini-
cal decisions [41,42] to sophisticated time-series 
analyses [42,43]. However, two very important 
phenomena need to be accommodated in the 
analysis of n‑of‑1 trial data, as mentioned previ-
ously. The first is serial correlation between the 
measures. Since the data are to be collected on 
a single individual with probable short intervals 
between the data collections, the observations 
collected at adjacent or near time points will 
exhibit strong correlations. These correlations 
need to be accommodated in relevant analyses. 
For example, it has been shown that the use of 
standard t-tests comparing quantitative responses 
to two particular interventions collected over 
time in a crossover-based n‑of‑1 trial will lead 
to erroneous inferences owing to dependencies 
between the observations [44]. Therefore, meth-
ods that account for serial correlation in compar-
ing the response to two or more treatments, such 
as certain time-series analyses, are necessary.

www.futuremedicine.com 5future science group

The n-of-1 clinical trial: the ultimate strategy for individualizing medicine? Review



The second phenomenon that needs to be 
accounted for and/or assessed in the analysis 
of n‑of‑1 trial data is carry-over effects. Even 
if washout periods are included in a study, it is 
quite likely that the influence of a prior interven-
tion on the end points of interest will linger into 
the time during which a different intervention 
is employed. Accounting for carry-over effects is 
not trivial as their lengths may vary from inter-
vention to intervention and at different times in 
the study. More research into how to identify 
and accommodate carry-over effects in n‑of‑1 
trials is clearly needed.

Leveraging wireless medical devices
In order to monitor a patient’s status and 
response to different interventions, a specific 
monitoring device or reporting structure 
is necessary. The feasibility of n‑of‑1 trials 
could be completely undermined if the mea-
surement of relevant clinical end points is 
impractical in terms of costs and the demands 
on a patient’s time, mobility and ability for 
reporting. Therefore, monitoring and report-
ing methods should be as invisible and labor-
free to the patient as possible. Remote clinical 

phenotyping and wireless devices have enor-
mous potential in this light [45]. In fact, there 
have been many innovations in wireless health 
monitoring that could be of great value in the 
implementation of n‑of‑1 clinical trials. Table 3 
provides a few examples. However, it is impor-
tant to note that not all clinical conditions may 
be amenable to n‑of‑1 trials with wireless (or 
at least current) wireless monitoring devices.

Many of the available wireless health moni-
toring devices have not themselves been shown 
to be reliable in clinical settings, hence mak-
ing their immediate use in n‑of‑1 clinical trials 
that focus on the data they produce premature. 
Despite this limitation, there is a great affin-
ity between these devices and n‑of‑1 trials, 
and some may be ready for use. For example, 
cell-phone-based mood, activity and pain-level 
diaries, although not completely invisible to 
a patient, could be used to assess the efficacy 
of antidepressants, anxiolytics, analgesics and 
other palliative interventions. Cell phone dia-
ries could also be used to record mild side 
effects of interventions as well as compliance 
with an intervention and hence complement 
symptom monitoring.
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Figure 1. Hypothetical outcomes associated with two individual n‑of‑1 trials investigating the efficacy of two different 
antihypertensive medications. The wavy dark and light lines reflect the systolic blood pressure levels for individuals 1 and 2, 
respectively during the trial. The design included a baseline period followed by four alternating periods in which two drugs, A and B, 
were administered with a washout period between drug administrations. Note that individual 1 had better blood pressure control while 
on drug A as indicated by the horizontal lines denoted ‘drug A’ and ‘drug B’, which reflect the average blood pressure achieved while on 
the drugs. Individual 2 had better blood pressure control on drug B. 
SBP: Systolic blood pressure.
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Other simple monitoring devices that could be 
of immediate use in certain n‑of‑1 trial settings 
are actigraphs or movement monitors [46]. Such 
devices could be used to monitor activity levels 
of patients undergoing interventions for obesity 
and depression, or assess the tremor or mobil-
ity impairment of individuals with Parkinson’s 
disease. Activity monitors have become very 
sophisticated and could be used as adjuncts to 
other monitoring devices in an n‑of‑1 trial in 
which such monitoring may only be secondary 
to a primary set of measures. For example, the 
use of continuous glucose or heart rate moni-
toring could complement an n‑of‑1  patient’s 
wearing the Nike+iPod® shoe to record activity 
levels in a study of interventions for diabetes and 
hypertension [46–50]. The activity level informa-
tion could provide insight into compliance, sec-
ondary effects of the intervention, an important 
covariate or confounding factor, or an additional 
end point relevant to the intervention.

In addition to monitoring symptoms and 
physiological end points such as blood pressure 
or insulin levels, one can only speculate, but in 
the near future it may be possible to evaluate 
molecular biomarkers (or ‘surrogate end points’) 
of disease status and progression remotely. For 
example, the quantity of rare cell types found in 
the blood, such as circulating endothelial cells 
and circulating tumor cells, and the expression 
levels of particular genes in these cells, may be 
indicative of the effectiveness of a treatment in 
eradicating pathologies or signs of pathologies 
[51,52].

Combining & evaluating multiple 
n-of-1 trials
If multiple n‑of‑1 trials investigating the same 
sets of interventions are initiated then it is pos-
sible to pursue joint or meta-analytic studies 
of the data generated from those trials (Table 2). 
Such analyses can explore trends in the data that 
may shed light on the characteristics of patients 
found to respond to one particular intervention, 
side effect profiles, and overt carry-over effects 
and other confounders that could be accommo-
dated in future trials. A number of statistical 
approaches to the combined or meta-analysis of 
multiple n‑of‑1 trials have been proposed for this 
purpose [36,37]. A recent paper by Zucker et al. 
introduces an elegant Bayesian mixed-model 
approach to combining n‑of‑1 trials for making 
population-level claims about the merits of dif-
ferent intervention strategies [53]. 

Of the possible motivations for combin-
ing the results of n‑of‑1 trials, two stand out. 
The first involves the assessment of the utility 
of n‑of‑1 trials in improving healthcare. Thus, 
one could effectively design and conduct a ‘trial’ 
comparing n‑of‑1 trials to standard care to see 
if the costs and time associated with obtaining 
objective information in determining optimal 
interventions for a patient are worth it, rela-
tive to the standard ‘hit-or-miss’ clinical care 
approach to identifying appropriate interven-
tions in the face of clinical equipoise. Guyatt 
et al. described their experience over a 3-year 
period in which they compared the use of n‑of‑1 
trials with standard care [26]. They found that 

Table 3. Examples of remote phenotypic monitoring devices for potential use in n-of-1 clinical trials.

Condition Phenotype Treatments and monitoring Device

Type 2 diabetes Glucose, insulin Metformin/glitazones/sulfonylureas Continuous glucose monitor

Hypertension Blood pressure All Blood pressure, heart rate

Atrial fibrillation Heart rhythm Dose titration Heart rate monitor

Insomnia Sleep quality All Zeo

Osteoarthritis of the knee Pain, mobility NSAID, lidocaine, DMSO Actigraph, pain diary

Esophageal reflux (GERD) pH Proton pump inhibitor pH sensor placed via esophagela probe

Migraines Pain, frequency Triptans Pain, occurrence diary

Fibromyalgia syndrome Pain, frequency Antiseizure, antiepileptic or placebo Pain, occurrence diary

Depression Severity, frequency All, placebo Actigraph, mood diary

Congestive heart failure Heart rhythm b-blockers, ACE inhibitors Blood pressure, heart rate and oxygen saturation

COPD Attack frequency Inhaled bronchodilators/anti-
inflammatories

Occurrence and severity diary

Obesity Weight Behavioral and/or antiappetitive Actigraph, weight and energy expenditure

Sleep apnea Oxygen saturation Mechanical devices Oxygen saturation

Parkinson’s disease Tremor, mobility l-dopa Wrist tremor monitor

ADHD Activity, focus Behavioral, stimulants Actigraph, behavorial diary
ACE: Angiotensin-converting enzyme; ADHD: Attention deficit hyperactivity disorder; COPD: Chronic obstructive pulmonary disease; DMSO: Dimethyl sulfoxide; 
Dx: Diagnosis; GERD: Gastroesophageal reflux disease; Tx: Treatment. 
Data taken from [45].

www.futuremedicine.com 7future science group

The n-of-1 clinical trial: the ultimate strategy for individualizing medicine? Review



not only were n‑of‑1 trials feasible, but that the 
results of a large fraction of them prompted 
physicians to change their ‘prior to the trial’ 
plan of management for a patient. Larson et al. 
described their 2-year experience with n‑of‑1 
trials by rating patients’ and physicians’ confi-
dence in treatment before and after the trials on 
visual analog scales [54]. The authors ultimately 
concluded that an n‑of‑1 trial service is feasible, 
the trial costs were comparable to other conven-
tional services, and clinicians appeared to gain 
confidence and precision from them [54]. Finally, 
Mahon et al. conducted a randomized study of 
n‑of‑1 trials versus standard practice to compare 
outcomes between groups of patients with irre-
versible chronic airflow limitation who had been 
given theophylline [55]. Interestingly, they found 
n‑of‑1 trials led to less theophylline use with-
out adverse effects on exercise capacity or qual-
ity of life in patients with irreversible chronic 
airflow limitation [55]. The authors concluded 
that there was clinically important bias towards 
unnecessary treatment during open prescription 
of theophylline for irreversible chronic airflow 
limitation that can be mitigated through the 
use of objective criteria associated with n‑of‑1 
trial designs. 

Of note, in the context of combining n‑of‑1 
trials in order to assess their utility and feasibil-
ity, is the experience of Nikles et al. in setting up 
a nationwide n‑of‑1 (or what they referred to as 
a ‘single patient trial’ [SPT]) service in Australia 
[56]. This service was designed for patients with 
attention deficit and hyperactivity disorder for 
which individual variations in intervention 
responses are common. Essentially, patients 
were referred to the service by a physician, a trial 
was initiated after referral, data analyzed and 
reports were sent back to the prescribing physi-
cian. The service had been designed to require 
minimal time and effort from the patient’s clini-
cian and has been met with success and favorable 
responses from patients and physicians [56]. Two 
additional studies have examined the feasibil-
ity of n‑of‑1 trials from a cost perspective [57,58]. 
Both studies observed, as one might expect, 
that the operational costs of n‑of‑1 trials are not 
trivial relative to standard care and when high-
cost interventions are used to contrast with other 
interventions, knowingly putting a patient on 
the intervention for prespecified periods with-
out a favorable response is problematic from a 
care perspective. However, this criticism is true 
of all clinical trials, and ways of mitigating this 
problem via adaptive and sequential designs, for 
example, have been proposed [59].

The second important motivation for com-
bining n‑of‑1 trial data and results concerns the 
identification of common characteristics among 
patients who are ultimately found to respond 
best to a particular intervention. For example, it 
might be that patients who are found to respond 
best to a certain intervention share genotypic, 
biomarker, clinical or demographic character-
istics. Knowledge of these characteristics would 
help inform a physician as to the use of a par-
ticular intervention for future patients without 
having to resort to an n‑of‑1 trial. Obviously, the 
degree to which these characteristics are reliably 
predictive of response is incredibly important in 
this context.

The notion that one could analyze the results 
of multiple n‑of‑1 trials to search for patterns 
associated with response to an intervention 
contrasts with the approaches to individual-
ized medicine that leverage the results from 
large population-based trials for this purpose. 
In the traditional approach, a large-scale popu-
lation-based trial is pursued and individuals are 
identified that ultimately responded to an inter-
vention. Some characteristic (e.g., genotype) is 
then found that distinguishes responders from 
nonresponders. This characteristic is then used 
to inform use of the intervention in the future. 
This approach essentially casts a wide net ini-
tially by studying a large number of patients in 
a unified manner, then winnows things down to 
what might work best in an individual patient 
over time and through additional studies of the 
subjects in the large trial.

The combined n‑of‑1 trials approach 
achieves the same goal: a number of n‑of‑1 tri-
als are pursued and the best interventions for 
each patient are recorded. Characteristics of 
the patients are noted and contrasted in order 
to identify distinguishing features among those 
who did best on a specific intervention. If such 
a characteristic is found, it is used to inform 
the use of that intervention in the future. 
This approach essentially starts out small 
and focused, and then works its way towards 
insights that would immediately benefit a much 
larger group of patients.

There are some serious advantages to the n‑of‑1 
approach to achieving personalized medicine 
despite the lack of immediate generalizability of the 
results to large numbers of patients. First, the n‑of‑1 
trials can be somewhat heterogeneous in design as 
long as objective evidence is found favoring one or 
another intervention for subsets of patients (e.g., 
the number and length of crossover periods may 
vary from study to study). Such heterogeneity 
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is often not tolerated in large population-based 
trial protocols where uniformity is emphasized in 
order to prevent confounding of generalizations. 
Second, the patients involved in the n‑of‑1 trials 
draw immediate benefit from the trial in that a 
determination of which intervention is likely to 
benefit from them is made. This is unlike many 
population-based trials where, depending on the 
protocol and design used, an individual may have 
been on a placebo for the entire trial. Third, the 
timing and costs of conducting n‑of‑1 trials can be 
varied and distributed across participating clinics 
or institutions. Obviously, there are many issues 
in vetting the utility of n‑of‑1 trials relative to 
standard population and uniform protocol-based 
trials. For example, just how much heterogene-
ity in the conduct of n‑of‑1 trials can be tolerated 
before drawing inferences from them collectively 
is impossible, is an open question. However, at the 
very least, the use of results of combined n‑of‑1 
trials relative to standard population-based trials 
is an important research question.

Issues & future directions
Coordinated n‑of‑1 trials have the potential to 
radically change the way in which evidence-based 
and individualized medicine is pursued. The 
availability of relevant wireless clinical monitor-
ing devices that are largely invisible to the user 
will enhance their value. These enhancements 
may involve the collection of data for risk factors 
or surrogate end points, such as continuous time 
heart rate or blood pressure variability that have 
never been considered in population-based trials 
and may (or may not) shed light on the efficacy 
of the intervention for the clinical end point. Not 
only are the results of n‑of‑1 trials of immediate 
benefit to the patient and the treating physician, 
but if enough of them are pursued, patient char-
acteristics that ultimately differentiate those that 
benefit from a particular intervention from those 
that do not can be explored, allowing for stratifica-
tion of future patient groups in a way that would 
further benefit patient care. Furthermore, n‑of‑1 
trials can be used to determine if a larger trial 
(n‑of‑1 or standard RCT) is appropriate. Despite 
these facts, the costs associated with n‑of‑1 tri-
als – though not exorbitant for any one n‑of‑1 
trial – must be justified if they are to be pursued 
on a larger scale. However, this is no less true of 
massive population-based trials that cost tens to 
hundreds of millions of dollars. In this context it 
is arguable that there are a number of motivations 
for pursuing n‑of‑1 trials that may justify insti-
tutional and research funding investment. Brief 
descriptions of these are provided later.

�� Clinical equipoise
As noted, when a physician is faced with uncer-
tainty over the best course of action to take for a 
given patient owing to the fact that many differ-
ent interventions are available, all of which have 
been vetted at some level and for which there 
is little information regarding how to stratify 
patient populations for their differentiated use, 
an n‑of‑1 trial examining the relative merits of 
each for that patient is appropriate. There are 
many clinical settings where a state of equipoise 
or near equipoise exists; for example, in pain 
management, blood pressure control and in the 
treatment of depression in which pharmacother-
apy, counseling, and behavioral therapy should 
be considered and contrasted.

�� Treatment repositioning
N-of-1 trials can be of value in evaluating addi-
tion indications for a drug or intervention. If, for 
example, it is felt that a drug originally designed 
for use in treating a specific clinical profile or 
condition may be of value in treating a patient 
with a different clinical profile or condition, then 
testing the drug against a standard treatment 
in individual patients with designs that may 
cater to the characteristics of the patient and his 
or her clinical condition would make sense. If 
evidence from such nuanced individual trials 
suggests that the drug has potential for treating 
this new condition, larger and more traditional 
trials could be pursued investigating the drug 
for wider use.

�� Leveraging medical records
In the future, as medical records systems become 
more sophisticated, the ability to capture patient 
data for n‑of‑1 trials will be much improved. 
Medical devices that are interoperable with 
electronic medical records have been shown to 
improve the quality, efficiency and ultimately 
the cost of data capture [60]. The challenges that 
both physicians and patients have faced in the 
past in weighing the benefit of n‑of‑1 trials com-
pared with the effort involved [28,29], may be less 
of a concern when data collection and visualiza-
tion is more facile by integration of wireless data 
capture with electronic medical records.

�� Early-phase trials
Although obvious and already pursued to some 
degree, well-designed and controlled n‑of‑1 tri-
als can be used in early-phase trials evaluating 
the tolerability, dosing and potential utility of 
an experimental compound. The comparison of 
a novel intervention against a standard or placebo 
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is often pursued in Phase II trials, but greater 
sophistication in design and execution may ben-
efit such trials. In addition, even dosing studies 
of the type pursued in Phase I ‘first-in-human’ 
studies may benefit from the objective compari-
son of contrasting interventions, although, there 
are many ethical and scientific factors to consider.

�� Training
N‑of‑1 trials are excellent vehicles for physician 
training since they would expose a physician to 
objective clinical decision-making and evidence-
based practice on a systematic and rigorous level. 
Such trials would also enhance physician sen-
sitivity to the nuances of treating individual 
patients. In addition, the conduct of such trials 
would require familiarity and exposure to trial 
design and execution issues including ethical and 
legal issues surrounding patient use in research.

�� Nationwide agenda in 
individualized medicine 
Recognition that the USA is in the midst of a 
healthcare crisis has motivated serious calls for 
advances in biomedical research [9]. It is clear 
that two potential ways forward in the midst 
of this crisis are to promote both individual-
ized medicine and evidenced-based medicine 
as a way of reducing inefficiencies in clinical 
care, through reducing individual patients’ 

exposure to treatments that do not work and 
those that cause adverse side effects. In addi-
tion, moving towards a more individualized 
and evidence-based healthcare system of the 
type built from the n‑of‑1 study principle and 
infrastructure would tap into, and build on, 
the creative and innovative strengths of the 
biomedical research community, especially in 
areas of relevance such as genomics and wireless 
devices. In this context, both the theoretical 
and practical issues surrounding n‑of‑1 trials 
in medical settings are as logical to think about 
as they are timely.

Future perspective
Coordinated n‑of‑1 trials have the potential to 
radically change the way in which evidence-
based and individualized medicine is pursued. 
The availability of relevant wireless clinical 
monitoring devices that are largely invisible 
to the user will enhance their value. These 
enhancements may involve the collection of 
data, such as continuous time heart rate or 
blood pressure variability that have never been 
considered in population-based trials. Not 
only are the results of n‑of‑1 trials of imme-
diate benefit to the patient and the treating 
physician, but if enough of them are pursued, 
patient characteristics that ultimately differ-
entiate those that benefit from a particular 

Executive summary

Do n-of-1 trials have a role in clinical science?
�� N-of-1 trials that focus exclusively on the objective, empirically-determined optimal intervention for a single patient are compatible with 

the ultimate end point of clinical practice: the care of individual patients.
�� Meta-analyses of the outcomes of multiple n‑of‑1 trials could be compared with standard treatment regimens and help put into context 

the utility and practicality of n‑of‑1 trials.

Design issues in n-of-1 clinical trials
�� Randomization of treatment order, carry-over effects, washout periods and blinding are key design elements that need to be considered 

in n-of-1 trials.

The analysis of n-of-1 clinical trials
�� Methods that account for serial correlation in comparing the response to two or more treatments, such as certain time-series analyses, 

are necessary.
�� More research into how to identify and accommodate carry-over effects in n‑of‑1 trials is clearly needed.

Leveraging wireless medical devices
�� The feasibility of n‑of‑1 trials could be completely undermined if the measurement of relevant clinical end points is impractical in terms 

of costs and the demands on a patient’s time, mobility and ability for reporting. 
�� Remote clinical phenotyping and wireless devices make data acquisition as transparent and labor-free to the patient as possible. 

Combining & evaluating multiple n-of-1 trials
�� Randomized controlled trials cast a wide net initially by studying a large number of patients in a unified manner, then winnow things 

down to what might work best in an individual patient over time and through additional studies of the subjects in the large trial.
�� The n‑of‑1 approach essentially starts out small and focused, and then works its way towards insights that would immediately benefit a 

much larger group of patients by combining n‑of‑1 trial outcomes in a meta-analysis.

Issues & future directions
�� There are a number of motivations for pursuing n‑of‑1 trials that may justify institutional and research funding investment. These 

motivations include overcoming clinical equipoise, treatment repositioning, early-phase trials, physician training and the nationwide 
agenda in individualized medicine.

Personalized Medicine (2011) 8(2)10 future science group

Review Lillie, Patay, Diamant, Issell, Topol & Schork



intervention from those that do not can be 
explored, allowing for stratification of future 
patient groups in a way that would further ben-
efit patient care.
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