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ABSTRACT

N-of-1 trials are randomized controlled clinical
trials conducted exclusively on a single patient.
The ultimate aim of N-of-1 trials is to optimize a
strategy in a particular individual. Chronic pain
is a common but refractory clinical problem. Its
diverse etiologies and broad variations among
patients often lead to the requirement of indi-
vidualizing medicine. Thus, chronic pain rep-
resents a classical condition for N-of-1 clinical
trials. Studies have indicated that N-of-1
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benefits patients with chronic pain, multiple
comorbidities, and uncertain variations during
therapies; however, this approach it is not yet
adopted as the first choice in pain clinics. To
dissect the current status of N-of-1 in chronic
pain management, as well as the limitations for
its implementation, we herein studied all N-of-1
studies related to chronic pain by searching
three major databases (PubMed, ClinicalTrial.-
gov, Cochrane Library) for publications
between 1985 and 2020. Of 35 eligibility papers,
19 were selected for analysis. Results confirmed
that N-of-1 trials have solved the refractory
cases including osteoarthritis, chronic muscu-
loskeletal pain, and neuropathic pain; however,
none of the trials dealt with cancer pain. Longer
time and more efforts are needed from investi-
gators when carrying out N-of-1 trials, which
inevitably result in implementation difficulties.
Of note, all recruited trials were conducted in
developed countries. As mobile devices have
been introduced and protocols improve,
renewed interest in the implementation of N-of-
1 trials will occur. Collectively, a previously
underestimated conflict between “precision
medicine” and “poor implementation” has put
N-of-1 in a challenging position for chronic
pain management.

Keywords: N-of-1; Chronic pain; Single patient
trial; Precision medicine
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Key Summary Points

N-of-1 trials have potential roles in solving
the refractory cases of chronic pain.

N-of-1 trials in chronic pain are not so
popular nowadays.

N-of-1 trials for chronic pain were not well
conducted in developing countries.

INTRODUCTION

Chronic pain is an intractable and debilitating
condition which is defined as pain that lasts
beyond “normal healing”. A variety of patho-
logic conditions such as osteoarthritis and can-
cer can present with chronic pain. Chronic pain
severely impairs quality of life of patients and
has become one of the leading causes for seek-
ing medical care [1]. However, as a result of the
broad spectrum of etiology, the same medica-
tion often reveals inconsistent pain-relief effects
among different patients. Thus, the provision of
effective and individualized treatment to
patients suffering from chronic pain is of great
significance in clinical practice.

N-of-1 or single subject clinical trials are
randomized controlled crossover trials in a sin-
gle patient and investigate the efficacy or side
effects of different interventions. The goal of an
N-of-1 trial is to determine the optimal inter-
vention for an individual patient using objec-
tive data-driven criteria. Given that N-of-1 trials
are capable of solving the uncertainty induced
by heterogeneous treatment effects across
diverse patients, chronic pathologic conditions
like chronic pain are excellent indications for
N-of-1 trials.

The first N-of-1 trial for chronic pain was
carried out in 1994 [2, 3]. In 2010, guidance for
conducting N-of-1 trials was published (CENT
2015) [4]. Later in 2015, Consolidated Standards
of Reporting Trials (CONSORT) extended the
guidance for N-of-1 trials (CENT 2015) [4].
Nowadays, CENT provides 14 of the 25 items of

the CONSORT checklist and recommends a
diagram for depicting an individual N-of-1 trial.
However, despite the progress in methodologi-
cal standards, N-of-1 trials seem not to have
been widely applied in chronic pain treatment
compared to other classic clinical trials. We
therefore hypothesized that N-of-1 trials may
have some hurdles, rather than inefficiency,
that limit their applications in verifying drug
efficacy for patients with chronic pain. To
explore this, we reviewed publicly available
clinical trials from 1985 to 2020. Focusing on 19
studies that met our inclusion criteria, we found
that N-of-1 trials indeed demonstrated their
capacity in patients with diverse chronic pain
causes. However, all N-of-1 trials have signifi-
cant regionality. We describe the current status
of these trials and delineate their different
clinical settings. After analyzing the influences
on implementation of N-of-1 trials for chronic
pain cases around the world, we then discuss
the trends and difficulties in implying N-of-1 in
special cases and developing countries. Finally,
we propose a prospective future framework for
N-of-1 trials in chronic pain treatments.

METHODS

Search Strategy

We conducted a review of N-of-1 clinical trials
published from 1985 to 2020 in journals
indexed by PubMed and Cochrane Library. We
also searched for unpublished studies on the
ClinicalTrials.gov website. The search strategy
used included the following terms shown in
either title or abstract: chronic pain, N-of-1,
single-case trial, single-subject research, single
case experimental design, single-patient study,
single patient trials, single-case trials, and sin-
gle-patient trial. We defined an N-of-1 as a
prospective, multiple-period, crossover study
conducted on a single patient. Chronic pain
was defined as pain that persists or recurs for
longer than 3 months. The protocol for this
review was developed on the basis of the
PRISMA statement. The PRISMA checklist can
be found in Supplementary material 1. This
article is based on previously conducted studies
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and does not contain any new studies with
human participants or animals performed by
any of the authors.

Eligibility Criteria

N-of-1 trials that meet the following criteria
were included into this study: (1) Trials were
conducted on humans. (2) Involve randomiza-
tion of treatments within blocks or pairs,
crossover of interventions, individual patients
or series of patients, and single patients as the
unit of analysis. (3) Pharmacological interven-
tions were evaluated. (4) Trials that had the
following information: trial purpose, cohort
number, completion rate, individual outcomes,
and post-trial completion decision. (5) Patients
enrolled had chronic pain.

Information Sources and Searches

The corresponding authors (Fengxian Li) per-
formed literature searching and imported
results into EndNote 8 software, in which
duplicates were removed. Four researchers
(Wanying He, Zichan Cui, Fang Wang, and Yin
Chen) screened the titles and abstracts of
remaining publications independently. Studies
that did not meet the inclusion criteria for title
and abstract were excluded. Full-text articles
were then assessed to decide which studies
could be included for further qualitative syn-
thesis. Any disagreements were resolved
through discussion among all authors.

Data Extraction and Synthesis

The data extracted from each article included
design, participants, disease, type of interven-
tion, outcomes, washout, blinding, withdrawal
rate, and the corresponding author’s country.
This process was independently performed by
two researchers.

The quality assessment identified risk bias
according to the CENT 2015 statement and
Cochrane handbook for systematic reviews of
intervention as shown in Table 1 (1. Selection
bias? 2. Reporting bias? 3. Performance bias? 4.
Inadequate cycle? (Risks of error—especially

type 2) 5. Appropriateness of treatment for
design? 6. Appropriate washout period?).

The goal of the review was to summarize the
development and current status of N-of-1 trials
in chronic pain management. N-of-1 trials have
the advantage of effectively conducting a meta-
analysis on their own. For this reason, we did
not conduct a meta-analysis here.

RESULTS

Overall, 505 titles were found by our systematic
search. Further search in related references
added 14 additional studies. After removal of
the duplicates, the abstracts of 369 published
articles were reviewed to determine articles
within the scope of our criteria. The study
selection approach and the number of publica-
tions obtained are shown in Fig. 1. From these
studies, 35 articles were selected for the full-text
assessment of eligibility, and the remaining
articles were excluded for being off-topic.
Among those 35 articles, three were considered
as one because of the replicated registration on
ClinicalTrials.gov  (Identifier NCT02116621)
[20, 22, 23]. Finally, 19 articles fulfilled the
inclusion criteria and were retained for this
narrative review. Characteristics and synthesis
of these studies are displayed in Table 2.

Development of N-of-1 in Chronic Pain
Management

Of the 19 articles we analyzed, the earliest two
N-of-1 studies for chronic pain were published
in 1994, which was 8 years later than the first
formal definition of N-of-1 trial was proposed
by Guyatt et al. [25] (Fig. 2). The two patients
reported in studies published in 1994 respec-
tively had osteoarthritis and neuropathic pain
(2, 3].

From 1994 to now, it appears that different
distribution patterns of N-of-1 trials in chronic
pain management have emerged (Figs. 2, 3):

First, from 1994 to 2004, N-of-1 has been
introduced. During this period, clinicians
explored the feasibility of N-of-1 in chronic
pain management. Small cohorts (8-30 patients
per study) were used to determine better drugs
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Table 1 Quality assessment of studies included

First Selection Reporting Performance Inadequate cycle (risk ~ Appropriateness of Appropriate
author, bias bias bias of error—especially treatment for washout
(year) type 2) design period
McQuay, High® Low Low High Low Unclear
(1994)
(3]
March, Low Low Low Low Low High
(1994)
(2]
Paice, High Low Low Low Low Unclear
(1996)
(5]
Sheather- Low Low High Low Low High
Reid,
(1998)
(6]
Haines, High Unclear Low Low Low Unclear
(1996)
(7]
Nikles, Low Low Low Low Low High
(2000)
(8]
Wegman, Unclear Low Low Low low High
(2003)
(9]
Notcutt, Low Low Low High Low High
(2004)
(10]
Green, Low Low low Low high Unclear
(2004)
(11]
Pope, Low Unclear Low Unclear Low Low
(2004)
(12]
Nikles, Low Low Low Low Low Low
(2005)
(13]
Nikles, Low Low Unclear Unclear Low Unclear
(2005)
(14]
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Table 1 continued

First Selection Reporting Performance

author, bias bias bias

Inadequate cycle (risk
of error—especially

(year) type 2)

Appropriateness of Appropriate
treatment for washout

design period

Huber, Low
(2007)
(15]

Yelland, Low Low Low Low

(2007)
[16]

Yelland, Low Low Low Low

(2009)
(17]

Nixdorf, Low Low Low Low

(2012)
(18]

Germini, Low Low Low Low

(2017)
[19]

QOdineal, Low Low Low Low

(2019)
(20]

Lee (2020), Low Low
[21]

Unclear Low Low

Unclear Low

Low Low

Low Unclear

Low Low

Low Low

Low Low

Unclear Low

Low Unclear

* Level of risk

or test new drugs for an individual patient
[2, 7-9]. Clinicians started to use N-of-1 trials to
evaluate side effects of existing strategies to
treat patients with chronic pain. For example,
hemorrhage of the digestive tract caused by
non-steroidal anti-inflammatory drugs was
assessed [9]. Of note, washout periods are
strategies to exclude the residual effects of the
test drugs during multiple treatments; however,
some trials did not mention their usage at this
exploratory stage [5, 6].

From 2004, the development of statistical
methodology brought N-of-1 trials into a new
phase [12]. By that time, reliability had been
confirmed by using Bayesian meta-analysis of
multiple N-of-1 trials. For example, more

practical information was generated from six
trials done in patients with juvenile idiopathic
arthritis [15]. The book Design and Implementa-
tion of N-of-1 Trials: A User’s Guide was published
in 2012 to further clarify the criteria for con-
ducting such trials. Of note, most N-of-1 trials
in chronic pain management were carried out
during this stage.

Afterwards, the CONSORT extension state-
ment for conducting N-of-1 trials was published
in 2015, which provides detailed guidance on
the reporting [4]. Thus, the process of N-of-1
trials in chronic pain management was opti-
mized. Importantly, like classical randomized
controlled trials (RCTs), N-of-1 trials started to
employ mobile phone apps such as Trialist to
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Records excluded

Full-text articles excluded,
with reasons

4 are reviews
7 are not published yet
1 isnot pain trea tment
2 are protocols
2 are the same RCT

)
é Records identified through Additional records identified
S database searching through other s ources
B (n=505) (n=14)
=
(%]
=
A 4 A 4
Records after duplicates removed
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5
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v
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qualitative synthesis
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= quantitative synthesis
(meta -analysis)
n=19)
—

Fig. 1 Flow diagram of screening and inclusion of relevant articles

help with the trial process during this period
[20-22]. Particularly, in regard to chronic pain,
those mobile apps also exhibited marked bene-
fits in doing N-of-1 trials [19, 23, 26]. Notwith-
standing this, the implementation of N-of-1
trials in pain clinic declined, and only three
trials from our search list were conducted after
2015 [19, 21, 22]. To date, the largest N-of-1 trial
was conducted in 2018 (NCT02116621). In this
trial, Trialist was used to collect information
efficiently [22]. Specifically, the Trialist app not
only sent patients the treatment reminder but
also recorded the information like pain severity
and side effects of the tested drug. By using the
Trialist app, clinicians could more efficiently
complete the N-of-1 trial and were able to

review the trial results and discuss a long-term
treatment plan with patients.

Efficiency of N-of-1 in Treating Chronic
Pain

The development of N-of-1 in chronic pain
management benefits some refractory cases
(Fig. 4). Briefly, out of the 19 trials identified,
37% (7/19) were searching for treatments for
osteoarthritis (N =245 patients)
[2, 8, 9, 12-14, 16]. Chronic musculoskeletal
pain was identified in 21% of trials (4/19;
N = 275 patients) [6, 19, 20, 22] while treatment
for neuropathic pain was tested in 21% of trials
(4/19; N = 115 patients) [3, 11, 17, 24]. Of note,
it appears that cancer pain is not a targeted
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Table 2 Characteristics of included N-of-1 trials for chronic pain treatment

First author, Disease Participants  Intervention Withdrawal Conclusion

(country) (n) (control) rate

Year, Ref

McQuay, (UK)  Neuropathic pain 19 Dextromethorphan ~ 36% 5 patients chose
1994 (3] (placebo) dextromethorphan after

N-of-1

March, Osteoarthritis 20 Paracetamol 40% NSAIDs may as good as
(Australia) pain (NSAIDs) paracetamol
1994 [2]

Paice, (USA) Severe back 2 Octreotide (/) NA Pain relief for two patients
1996 [5] pain/multiple

sclerosis

Sheather, Chronic 5 Ibuprofen or 37% Neither ibuprofen nor
(Australia) musculoskeletal codeine (placebo) codeine shown to exert
1998 [6] pain analgesic effect

Haines, (UK) Chronic pain 21 Orally administered 14% 3 patients responded to oral
1999 (7] ketamine (usual ketamine administration

treatments)

Nikles, Osteoarthritis 8 Paracetamol 43% 1 patient preferred NSAIDs
(Australia) (ibuprofen)

2000 [8]

Wegman, Osteoarthritis 13 Paracetamol 46% 7 patients chose NSAIDS
(Netherlands) (NSAIDs) and 6 patients chose
2003 [9] paracetamol after N-of-1

Notcutt, (UK)  Chronic pain 34 CBME/THC, 5% 28 patients responded to
2004 [24] (mainly CBD, or both CBME: 11 to THC/CBD,

neuropathic) (1:1) (placebo) 14 to THC and THC/
CBD equally, 2 to THC, 1
THC and CBD equally

Green, (UK) Neuropathic pain 7 DBS on (DBS off) NA 6 patients’ VAS reduced. 4
2004 [11] patients’ MPS reduced

Pope, (Canada)  Osteoarthritis 51 N-of-1: diclofenac ~ 20% 11 out of 24 patients chose
2004 [12] 50 mg diclofenac after N-of-1

(conventional N-of-1 trials cost more than
treatment) usual care

Nikles, Osteoarthritis and 71 NSAIDS or COX-2 39% 46 patients changed their
(Australia) chronic pain inhibitor or management after N-of-1
2005 [13] paracetamol

(placebo)
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Table 2 continued

First author, Disease Participants  Intervention Withdrawal Conclusion

(country)Year, (n) (control) rate

Ref

Nikles, Osteoarthritis 41 Paracetamol 33% Patients satisfied with N-of-1
(Australia) (ibuprofen) trials
2005 [14]

Huber, JIA 6 Amitriptyline 33% Bayesian techniques could be
(Canada) (placebo) used in N-of-1
2007 [15]

Yelland, Osteoarthritis 41 SR-paracetamol 30% 7 patients responded to
(Australia) (celecoxib) celecoxib. One patient
2007 [16] responded to SR-

paracetamol

33 patients responded
equally

25 patients continued their
pain management
according to N-of-1

Yelland, Chronic 55 Gabapentin 35% 16 patients responded to
(Australia) neuropathic (placebo) gabapentin and 15
2009 [17] pain continued gabapentin after

N-of-1

Nixdorf, (USA)  Sympathetic 1 Lidocaine or stellate NA The patients had no

2012 [18] independent ganglion block response to stellate

Germini, (Italy)

2017 [19]

QOdineal, (USA)

2019 [20]

pain—diagnosis
Chronic pain—

back, joints,

limbs—alone or

combined

Chronic
musculoskeletal

pain

Case report

10

215

(saline)

Um-PEA (placebo)

30%

N-of-1 intervention 23%

(usual care)

ganglion block

4 patients chose um-PEA
after N-of-1

86 out of 108 patients
thought mHealth APP
helped them manage their
pain

No difference in pain relief
between N-of-1 and usual

care
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Table 2 continued

First author, Disease Participants  Intervention Withdrawal Conclusion

(country)Year, (n) (control) rate

Ref

Lee, (UK) 2020 JIA 14 MHealth 14% Once-a-day reporting is
[21] assessment (/) enough

UK United Kingdom, US4 United States, JI4 juvenile idiopathic arthritis, CMBE cannabis-based medicinal extracts, THC
tetrahydrocannabinol, CBD cannabidiol, DBS deep brain stimulation, NSAIDs non-steroidal anti-inflammatory drug, #m-
PEA ultra-micronized palmitoylethanolamide, VA4S visual analog scale, MPS McGill pain scores, NA not available

Guyatt
“definition”

The CONSORT extension

Statistical methodology

T 1994 2004

1985 l

1st N-of-1 trial for pain

2012 120 15 >
A User’s guide

Fig. 2 General development axis of N-of-1 in chronic pain management

disease in any N-of-1 trials that could be found
by our search strategy.

According to the study types of the trials, the
identified studies were further divided into
analgesics versus placebo [3, 6, 7, 13, 15,
17-19, 24], analgesics “A” versus analgesics “B”
(no placebo) [, 2, 8§, 9, 14, 16], and N-of-1 trial
versus usual care [12, 20, 22]. One classical N-of-
1 trial was conducted to compare the efficacy of
sustained-release (SR) paracetamol with cele-
coxib [16]. The result indicated that although
celecoxib showed better pain relief scores on
average, in 33 of 41 patients, no difference
between SR paracetamol and celecoxib was
identified. Among those 33 patients, 13 decided
to manage with SR paracetamol and 6 with
celecoxib, while 3 patients switched to non-
steroidal anti-inflammatory drug (NSAIDs). This
study has suggested that N-of-1 trials may pro-
vide a rational and effective way to identify the
optimal treatment.

Trialist
250
_200- ¢
(5]
O
g 1501
=
a
‘= 1004
2 o
s ] °®
= ° ° ° e
0 o © 'gl S e ©

1 T T T 1
Year 1990 1995 2000 2005 2010 2015 2020 2025

Fig. 3 Yearly distribution and number of patients
recruited in N-of-1 trials in chronic pain management

Cost-Benefit Ratio for Conducting N-of-1
Trials in Chronic Pain Management

As N-of-1 requires plenty of time and great
effort to collect all the information before the
final decision, clinicians began to improve the
cost-benefit ratio and urged researchers to
search for a better way to conduct future N-of-1
studies [27, 28]. In an N-of-1 study conducted
by Pope et al., the efficacy of diclofenac
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Orofacial pain
5%
Osteoarthritis

Juvenile idiopathic arthritis  — 37%

11%

Neuropathic pain
21%

‘hronic musculoskeletal pain
21%

Fig. 4 Discase catalogs benefit from N-of-1 trials

treatment was assessed in patients with
osteoarthritis [12]. The results showed that the
total osteoarthritis-related cost was Canadian
$551.66 + 154.02 per N-of-1 treated patient
(1996 patients in total) in 6 months, while
standard procedures cost Canadian
$395.62 £ 226.87 (p <0.009) [12]. Of note,
there were no significant between-group differ-
ence regarding the overall outcome measure-
ments. This study suggests that N-of-1 trials
may need more financial support for conduct-
ing trial procedures, follow-up visits, and data
analysis. Interestingly, Scuffham et al. also
analyzed two previous clinical trials [16, 17] and
found that N-of-1 trials could actually save total
costs [27, 28]. They figured out that the annual
post-trial costs were significantly lower than
pre-trial costs for osteoarthritis (568.42 versus
813.75 Australian dollars) and neuropathic pain
(1753.12 wversus 1950.58 Australian dollars)
when excluding the costs for running the N-of-1
trials, which amounted to 600 Australian dol-
lars. This estimation suggested that although
implementation of N-of-1 itself requires extra
cost, after the trial, it could save more for long-
term treatment without further medical
interventions.

Diversity of Geographic Distribution of N-
of-1 Trials

Strikingly, all of the 19 N-of-1 trials were con-
ducted in developed countries including the
USA (n=3) [5 18, 20], UK (n=395) |
3, 7, 11, 21, 24], Italy (n=1) [19], Australia

n=7)[2, 6,8, 13, 14, 16, 17], Canada (n = 2)
[12, 15], and the Netherlands (n = 1) [9]. None
of them were conducted in developing coun-
tries (Fig. 5).

Limitations for N-of-1 Trials in Chronic
Pain Management

Several limitations regarding conducting N-of-1
trials have been found in our study. The with-
drawal rate (Table 2) in N-of-1 trials is about
30%. This is comparable with regular clinical
trials [29]; however, the withdrawal rate has a
closer relationship with the side effects of drugs
but not the N-of-1 trial itself [14].

Second, N-of-1 trials require a washout per-
iod to counteract the residual effects of the
drug, especially when using a placebo in the
control group. It is difficult to design a washout
period perfectly, because the effect of the drug
may extend to the placebo stage, which would
cause a deviation for the results [15].

Lastly, although a large clinical trial
(NCT02116621, three articles were identified
from this trial registration) suggested that the
Trialist app can help patients manage their pain
and reduce the demand for long-term analgesics
[20, 22], as a result of the differences in medical
systems around the world, it would still be dif-
ficult to install the same app and strategy in
different countries.

Netherlands

United States
16%

Fig. 5 Distribution of countries from the well-designed
N-of-1 trials
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DISCUSSION

This study revealed several findings regarding
the status of N-of-1 trials in chronic pain man-
agement. First, the majority of the trials were
conducted between 2004 and 2015; however,
such trials have not been so popular in recent
years. Second, N-of-1 trials have accomplished
great achievements in treating patients with
refractory chronic pain. Third, conflicts are
revealed between cost-benefit balance during
the trial implementation. Fourth, N-of-1 trials
are now mainly conducted in developed coun-
tries. Thus, how to break this territorial imbal-
ance may be interesting for future inquiries.

Development and Perspective of N-of-1
Trials in Pain Management

The development of N-of-1 trials in pain man-
agement has occurred alongside the overall
history of other N-of-1 trials [30]. Efficient and
reliable statistical methods enabled large num-
bers of N-of-1 trials for chronic pain manage-
ment after 2014. The reasons for the slowing
development nowadays are mainly due to the
cost-benefit imbalance regarding time and
effort. Regardless of the existing difficulties for
implementation, N-of-1 trials fit the concept of
precision medicine and etiology diversity. As
simple and reliable techniques have been
introduced into N-of-1 procedures, efforts are in
progress to facilitate their implementation.

It is important to collect validated informa-
tion to discriminate the efficacy of treatments.
Common parameters like visual analogue score
are subjective and hence easily affected by the
patient’s mood. Nowadays, it is possible to
adopt wireless wearable devices (e.g., bracelets,
running shoe chips, etc.) for recording personal
information (such as gait, walking frequency,
etc.) to enhance the evaluation accuracy of pain
treatment [31]. In this way, not only can
patients with arthritis use the Trialist app to
record visual analogue score regularly but they
can also use the bracelet to record daily gait and
cadence as objective indicators to assess their
pain levels. In the future, it is possible that we
could integrate  wireless devices and

smartphone apps into one system to conduct an
N-of-1 trial, hence liberating the clinicians and
patients from the required time and effort. By
that time, relevant data such as sleep status,
exercise status, vital signs, and questionnaires
filled in by the patient on the app could gen-
erate a daily report directly for follow-up.

Profiles of N-of-1 Trials in Pain
Management

The N-of-1 trial plays an important role in
chronic pain management at different levels.
Firstly, physicians use N-of-1 trials to improve
prescribing for patients with chronic pain [14].
For example, some patients with osteoarthritis
are uncertain about the efficacy after taking
conventional painkillers. Their physicians could
conduct an N-of-1 trial to compare two different
treatments and determine the better one. In this
way N-of-1 achieves a personalized treatment
[32]. Secondly, N-of-1 trials could avoid drug
abuse and drug misuse. Researchers found that
patients in N-of-1 trials successfully reduced the
long-term use of NSAIDs, which could mini-
mize side effects [22]. Meanwhile, N-of-1 trials
offer access to evaluate whether patients benefit
from expensive medication to treat pain [28].
Thirdly, N-of-1 trials also provide a
testable strategy to figure out the best way for
treating intractable chronic pain [33]. Physi-
cians can compare a treatment plan with
uncertain efficacy versus placebo, then deter-
mine whether the treatment plan is beneficial
to the patient. Unlike the traditional RCTs,
N-of-1 trials can be carried out specifically for
just one patient and the results are applicable to
this specific patient [10]. After the trial, the
patient can be provided with an individualized
treatment plan [34]. Notably, although cancer
pain is common in the pain clinic and often
requires aggressive anti-pain treatments,
according to our review, none of the N-of-1
trials were conducted on this indication, which
therefore requires more attention in the pain
field.
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Spectrum of N-of-1 Trials in Pain
Management

From the 19 trials recruited, treatments for the
refractory chronic pain mainly focused on
analgesics versus placebo, analgesics “A” versus
analgesics “B” (not placebo), and N-of-1 trial
versus usual care. To our knowledge, there are
many evolutionary methods nowadays for pain
management such as stem cell therapy [35] and
neuromodulation [36]. Large numbers of clini-
cal trials are needed to verify the efficacy of
these new methods; however, then the majority
of patients need to wait for a long time before
the finalization of the RCTs. Indeed, N-of-1 tri-
als are good candidates to assess this transla-
tional process. First, one patient can complete
one trial and multiple N-of-1 trials can be inte-
grated by using meta-analysis, which increases
the overall evaluation efficiency. Second, N-of-1
trials avoid the long-term placebo treatment
required in traditional RCTs and hence they
tulfil the need for release from unbearable pain
for the individuals.

The genetic heterogeneity is an intrinsic
demand for N-of-1 trials [37]. Investigators are
trying to adopt genetic data into more precise
evidence-based medicine [38]. Ideally, patients
will receive the most effective medicine for pain
treatment after sequencing of their genetic
background. We assume that the big data from
genomics will reignite the interest in N-of-1
trials from both patients and clinicians.

Conflicts Between Benefits and Effort in N-
of-1 Trials in Pain Management

Physicians and patients display different atti-
tudes towards N-of-1 trials [39]. Trial providers
viewed N-of-1 trials as an exciting but likely
threatening paradigm shift in the doctor—pa-
tient relationship. On the other hand, patients
usually held a neutral attitude towards N-of-1
trials [39]. This ambiguous situation may add
difficulties to carry out N-of-1 trials while
treating patients with chronic pain. Moreover,
as N-of-1 ftrial implementation is relatively
cumbersome and involves multiple follow-ups
and drug replacements, it will cause a higher

withdrawal rate. The conflict between benefits
and effort from N-of-1 has been increasing ever
since its establishment. Regarding the time and
effort consumed in N-of-1 implementation, the
Trialist app may solve this conflict with further
optimization.

Cohort Size of N-of-1 Trials

As a result o the specific purpose and in-trial
strategy for individual patients, the cohort size
is relatively small in most N-of-1 trials [40]. The
heterogeneity of treatment effects can be ana-
lyzed in N-of-1 studies that recruit multiple
individuals [41]. In fact, some N-of-1 trials can
also be carried out on just one patient [18, 42].
Thus, the cohort size of N-of-1 trials is deter-
mined by the purpose of a study. Statistical
methods are sufficient to calculate the accurate
cohort size if heterogeneity analysis is the main
purpose [43].

Imbalance in Development of N-of-1 Trials
in Different Countries

When we focused on the diversity of the
established N-of-1 trials in different countries,
an imbalance emerged in N-of-1 implementa-
tion between developed and developing coun-
tries. Out of 19 N-of-1 trials related to pain
management that we identified, all were con-
ducted in developed countries. This is consis-
tent with a systematic review in 2015 for the
overall trials, which indicated that only 6 out of
131 (4.5%) N-of-1 trials were conducted in
developing countries [44].

The electronic medical recording system in
some developing countries falls behind that in
others [45]. N-of-1 trials need the collection of
abundant data from patients (such as the dosage
of each medication, side effects after medica-
tion, etc.), which requires more manpower and
material resources [22]. To address this problem,
developed countries have begun to use mobile
devices to support N-of-1 trials [20, 22, 23, 46].
However, this approach appears difficult to
adopt in developing countries because of their
poor economies [47]. The fact is, even if N-of-1
trials are carried out, the cumbersome
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procedures could also induce patient with-
drawal in developing countries. Also, many
doctors in developing countries do not have the
time and energy to design individual treatment
plans for each patient suffering from chronic
pain [48]. In order to prevent medical disputes,
they are more willing to use uniform treatment
for every patient. These odds are responsible for
the conflicts between developed and developing
countries when carrying out N-of-1 trials for
chronic pain management. Of note, the three
databases we searched are based on publications
written in English. This may prevent articles
published by some developing countries from
being included. To this end, we searched the
Chinese database CNKI using the strategy “pain,
N-of-1 test”; however, no relevant publications
were found. Only one N-of-1 trial in Chinese
was found, which was conducted to test the
efficacy of traditional Chinese medicine.
Although health care systems vary in differ-
ent countries, promoting N-of-1 trials in devel-
oping countries is no doubt good for
personalized medicine. Different countries have
different population composition and different
genetic backgrounds. The conclusions of N-of-1
trials conducted in developed countries may
not be applicable to developing countries [49].
With the development of economies and
decreasing costs of mobile apps, researchers
believe that N-of-1 may provide a useful tool to
seek the most efficacious and individualized
therapy even in those developing countries.

Comparison Between Classical RCTs
and N-of-1 Trials

The following differences have been noticed
between classical RCTs and N-of-1 trials [50].
First, a classical RCT focuses on a subset of
patients with more homogeneous disease to
draw a conclusion that can be expanded to a
broader population. On the contrary, the pur-
pose of N-of-1 is to concentrate on individual-
ized medications for specific patients. Second,
given that the incidence rate is too low in some
rare diseases and the cohort size may not meet
the criteria of classical RCTs, N-of-1 trials likely
benefit patients with those rare disorders [42].

Furthermore, when the efficacy of new thera-
pies remains unclear, N-of-1 trials can quickly
determine benefits owing to the convenience of
small cohort sizes [2, 11, 42, 44]. Third, for some
symptom diagnoses like chronic pain, the eti-
ology can vary widely. For those refractory cases
with unclear causes, classical RCTs become
extremely difficult. In this context, N-of-1 trials
can still be conducted on the basis of individu-
alized and specific inclusion criteria.

Given the above, we conclude that the most
significant advantage of N-of-1 trials is that a
single patient can become the subject of obser-
vation, and individualized therapy plans will be
developed. Moreover, N-of-1 trials have a strict
cross-control method, which requires that
effective therapies for patients can be ultimately
adopted. However, N-of-1 trials still have some
disadvantages. For instance, to carry out an
N-of-1 trial will be time consuming because of
multiple follow-ups and drug alternations.
Therefore, the average cost of N-of-1 trails for a
single patient is usually much higher than
classical RCTs. Additionally, whether the con-
clusions from N-of-1 trials can be consistently
viewed alongside those from traditional RCTs
needs to be clarified in future studies.

CONCLUSIONS

Existing studies reveal the complex status of
N-of-1 in the health care activities, which draws
a clear line between developed and developing
countries for individual patients. Limitations in
our study include the following: we just studied
the published N-of-1 trials for chronic pain
treatment; however, many N-of-1 cases in daily
health care activity have not been reported,
especially for those in developing countries.
Our analysis might have bias based on the
research strategies which relies on articles writ-
ten in English. Nevertheless, the major findings
in our study indicate the overall development of
N-of-1 trials in pain management, one of the
most diverse diseases, as well as highlighting
the previously unrecognized conflicts regarding
their implementation worldwide. In the future,
emerging simple and facilitated strategies to
carry out N-of-1 trials will improve the overall
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chronic pain treatment at the precision medi-
cation level.
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