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ABSTRACT. Objective. Using serial N-of-1 trials and subsequent analysis with Bayesian methods may allow study
of therapies using small numbers of subjects. Our research questions were: (1) Can serial N-of-1 trials
analyzed with Bayesian statistical techniques be used to estimate the population effect of a therapeutic
intervention? (2) Compared to placebo, how likely is it that low-dose amitriptyline therapy in children
aged 10-18 years with active polyarticular-course juvenile idiopathic arthritis (JIA) results in a signif-
icant improvement in pain?

Methods. Six children (age 10.3-16.3 yrs, 4 girls) were enrolled. There were 3 pairs of randomized,
double-blinded treatments (amitriptyline 25 mg or placebo) per participant. Each treatment lasted 2
weeks, with a 1 week washout. The primary outcome was pain, measured by 10 cm visual analog scale.
Assessments were at the beginning and end of each treatment. A Bayesian statistical model was used to
determine the treatment effect. Values < 0 indicated superiority of amitriptyline.

Results. Bayesian techniques were used successfully to obtain estimates of population effect, despite
the small number of participants. The mean treatment effect for pain was 0.67 (SD 0.89, 95% credible
interval —0.99, 2.55). The probability that the treatment effect was < 0 was only 16%.

Conclusion. These methods can be used successfully to estimate population effects when sample sizes
are small. It is unlikely that amitriptyline reduced pain by a clinically significant amount in these chil-
dren with polyarticular JIA. These methods may be particularly suited to pilot studies and the study of

rare illnesses. (First Release April 15 2007; J Rheumatol 2007;34:1125-32)

Key Indexing Terms:
JUVENILE IDIOPATHIC ARTHRITIS

Juvenile idiopathic arthritis (JIA) is the most prevalent form
of rheumatic illness in children!. In the past, relatively little
attention was paid to the problem of pain in childhood arthri-
tis. It has been suggested that children with arthritis have rel-
atively little pain, and have less pain than adults with arthri-
tis23. However, there is an increasing body of literature
describing the pain experience of children with arthritis and
documenting its effects on children and their families. Pain is
now known to be common in children with arthritis*®, to
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interfere with physical, social and school function*’-?, and to
be associated with features of depression and anxiety*8-10,
Interestingly, pain has been shown to have poor correlation
with expected predictors, such as disease activity, joint counts,
and arthritis type!!-!3. This highlights the poor understanding
of the causes and influences of arthritis pain in children. It
also emphasizes the importance of non-disease-specific fac-
tors in the assessment and management of pain in patients
with pediatric arthritis.

Current therapies have resulted in excellent disease control
and prevention of longterm complications in most children
with JIA. Usually, disease control can be equated with pain
control. However, there remains a small group of children
who continue to experience pain, despite apparent improve-
ments in inflammatory findings. Appropriate management for
this group of children, who may have some features of
fibromyalgia (FM), is unclear.

It has been suggested that the use of low-dose antidepres-
sants (such as amitriptyline) can reduce pain in a variety of
inflammatory and noninflammatory painful conditions. Koh,
et al studied 100 adult patients with ankylosing spondylitis
treated with 30 mg amitriptyline daily at bedtime!*. They
described improvements in pain, sleep, fatigue, and disease
activity, although only the improvement in disease activity
was statistically significant. Rani, et al studied a mixed group
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of adult patients, including 16 with osteoarthritis and 8 with
rheumatoid arthritis, who received amitriptyline 25 mg daily
at bedtime!>. Patients in the amitriptyline group had greater
reductions in pain intensity and greater perceived pain relief
than those in the placebo group. Finally, the use of amitripty-
line has been extensively studied in FM'®!7. The mechanism
of amitriptyline acting as a pain-reducing medication is
unknown. Proposed mechanisms include inhibition of reup-
take of a variety of neurotransmitters leading to reduced per-
ception of pain, potentiation of the effects of endogenous opi-
oids'8, and possible direct antiinflammatory effects'®. Thus,
amitriptyline appears to be a reasonable option for treating
pain that has not responded to antiinflammatory therapy in
inflammatory disease.

There are no data concerning the use of amitriptyline in
children with arthritis. However, it has been successfully and
safely used in other painful conditions such as migraine?0-!,
chronic abdominal pain®2, and pediatric FM?3. Given the clin-
ical impression that some of the children with arthritis and
pain that is unresponsive to the usual antiinflammatory thera-
py appear to have features similar to FM, amitriptyline would
appear to be a reasonable potential therapy.

As a first step to investigate this problem, we were inter-
ested in using a methodology that would allow us to conduct
a pilot study with a very small number of patients, while still
obtaining estimates of the effect of the treatment intervention.
The availability of such a methodology would be of consider-
able benefit to the study of this problem, and to the study of
rare clinical problems in general. It would also be valuable in
pilot work to provide preliminary data prior to embarking on
full-scale clinical trials.

Studies of small numbers of patients are common in the
psychological and behavioral literature?*. Many of these use
an N-of-1 experimental design. There is controversy regard-
ing the best way to analyze this type of data. Some have advo-
cated techniques called “visual analysis,” which are based
largely on inspection and graphing?>-?’. The preference for
these visual techniques was based on a perception of their
simplicity, the lack of a need for formal knowledge of statis-
tics, and an opinion that these methods emphasized clinical
rather than statistical significance28’29. However, other
authors have expressed concerns about the potential for bias,
the lack of standardized methods, and poor inter- and
intrarater reliability?*30. For these reasons we do not consider
visual analysis appropriate for the study of therapy in
rheumatology.

In 1991, Jaeschke and colleagues published their experi-
ence using N-of-1 trials of amitriptyline in FM3!. By exposing
each patient to multiple periods of amitriptyline or placebo,
they were able to evaluate the effectiveness of amitriptyline
for each patient. By allowing each patient to act as his/her
own control, they eliminated between-subject variability and
markedly reduced overall error, thereby increasing power.
This work did not attempt to draw any conclusions about the

treatment and its effectiveness in the general population.
However, in 1997, Zucker, et al reanalyzed a portion of the
data from the Jaeschke report using a Bayesian metaanalytic
statistical model®?. Bayesian statistics are an alternative
approach to traditional frequentist statistics, and have several
characteristics that make them potentially very powerful for
the analysis of small data sets. These include the use of direct
probabilities, the ability to obtain results in the context of
small data sets (i.e., in circumstances where frequentist statis-
tics would only fail to reject the null hypothesis), insensitivi-
ty to repeated analyses, and the ability to explicitly consider
previously available information (such as available from pre-
vious studies). Zucker and colleagues were able to obtain an
estimate of the effect of amitriptyline in this population,
despite a sample size of only 23.

For this project, we conducted a pilot study of the effec-
tiveness of amitriptyline for reduction of pain in children aged
10-18 years with polyarticular course JIA. We analyzed the
data using a hierarchical Bayesian statistical model, adapted
from the work presented by Zucker, et al*2, and applied it in a
novel way for this prospective study. A unique aspect of this
study was the intentional use of a very small number of sub-
jects. We were interested in determining if the study goals
could be met by such a small data set. The specific research
questions we posed were:

1. Is it feasible to use serial N-of-1 trials, and their subsequent
analysis with Bayesian statistical techniques, to estimate the
population effect of a therapeutic intervention?

2. Compared to placebo, how likely is it that low-dose
amitriptyline in children aged 10-18 years with active poly-
articular course JIA results in a clinically significant reduction
in pain (i.e., likely enough to justify further study)?

MATERIALS AND METHODS

Patients. Although JIA is reasonably prevalent, painful disease in children not
otherwise warranting escalation of antiinflammatory therapy is a rare presen-
tation. Six children were enrolled from The Hospital for Sick Children,
Toronto, and The IWK Health Centre, Halifax, between March 2000 and
March 2003. All children who were approached agreed to participate. Their
characteristics are summarized in Table 1. Eligibility criteria were age = 10
years, polyarticular course JIA with at least 1 active joint, minimum pain
assessment of 1 cm on 10 cm visual analog scale (VAS), and stable doses of
usual medications. Children were excluded if there was any known con-
traindication to amitriptyline, amitriptyline therapy in the preceding month, if
they had another indication for amitriptyline therapy, if they were unable to
speak English, or if the patient had another illness that would put them at
increased risk of adverse outcomes. Research ethics board approval was
obtained from both participating centers, and all participants and their par-
ent/legal guardian provided written informed consent.

Measures. The primary outcome was pain, measured by self-report comple-
tion of a 10 cm VAS. During each assessment, participants completed 3 VAS
per day (morning, afternoon, and before bed) for 2 days. Multiple daily
assessments were used to increase reliability, as described by Jensen and
McFarland®3.

There were several other secondary outcome measures. Sleep and fatigue
were thought to be involved in possible mechanisms of amitriptyline effect,
and data for them were collected. Quality of sleep was assessed in 2 ways. An
8 item questionnaire was developed, adapted from Bloom, et al?*. Scores for
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Table 1. Characteristics of study participants. Values are medians (mini-
mum, maximum).

Age, yrs 12.7 (10.3,16.3)
Sex 4 female: 2 male
Ethnicity 6 Caucasian
Disease duration, yrs 5(1.1,15)
Baseline pain, VAS 3.1(1.2,59)
Baseline sleep, questionnaire 35.5(20,48)
Baseline sleep VAS 7.55 (1.3, 10)
Baseline fatigue, questionnaire 33.5 (15, 39)
Baseline stiffness VAS 3.8(0.5,9.5)

Baseline CHAQ 0.45 (0.25,0.88)
Baseline swollen joints 1(0,2)
Baseline active joints 6(1,14)
Baseline physician global VAS 1.8 (1.1,3.1)
Baseline patient global VAS 50(24,94)

VAS: visual analog scale, CHAQ: Childhood Health Assessment Question-
naire.

this questionnaire ranged from 8 (very good sleep) to 56 (very poor sleep).
There was also a 10 cm VAS response to the question, “How good or bad do
you feel your sleep has been over the last week?”. Fatigue was assessed using
a questionnaire adapted for this study from the Fatigue Severity Scale®®. The
resulting questionnaire gave a score ranging from 9 (little or no fatigue) to 63
(severe fatigue). Morning stiffness was assessed with a 10 cm VAS response
to the question, “How severe has your morning stiffness been on average over
the last week?” Physical function was assessed with the Childhood Health
Assessment Questionnaire (CHAQ). The CHAQ consists of 30 items in 8
domains, and gives a score from 0 (no or mild physical disability) to 3 (severe
physical disability)3.

In order to increase comparability of therapeutic trials in childhood arthri-
tis, a core set of variables has been developed that should be collected in all
clinical trials*’. Consistent with this recommendation we collected the physi-
cian global assessment of overall disease activity (by 10 cm VAS), the par-
ent/patient global assessment of disease severity (10 cm VAS), and the num-
ber of active joints. No blood investigations were done as part of this study.

It was determined a priori that the clinically significant difference

between pain VAS for amitriptyline and placebo periods was 0.8 cm33. A dif-
ference of 0.8 cm was also considered clinically significant for other VAS
scores. For the CHAQ, a difference of 0.13 was considered clinically
significant®.
Procedures. Potential participants were identified through review of patients
attending pediatric rheumatology clinics at both hospitals. Inclusion
and exclusion criteria were checked, and all participants had an
electrocardiogram.

Each participant completed a series of N-of-1 trials. These took the form
of 3 paired crossovers (6 treatment periods) per participant. Each treatment
pair consisted of one period where the treatment was with amitriptyline, and
one period where the treatment was with an identical-appearing placebo. The
order within each pair was determined randomly, and the order within each
treatment pair was independent of the other treatment periods. These treat-
ment assignments were determined by the research pharmacist using a com-
puter generated random number list, and placed in sealed, numbered
envelopes that were only opened at the time of study consent. Each treatment
period had a duration of 2 weeks, and was separated from the next treatment
period by a 1 week washout when no medication was given (time course
based on Jaeschke, et al’! and clinical experience of the investigators). The
dose of amitriptyline was 25 mg by mouth 1-2 hours before bedtime. Both
amitriptyline and placebo tablets were crushed and placed within identical gel
capsules. Participants, families, and all individuals associated with the study
except for the research pharmacist were blinded to treatment allocation.
Unblinding was performed at the end of the entire study.

At the initial study visit, a baseline pain assessment and physical exami-

nation were performed. The following baseline measures were also adminis-
tered: sleep questionnaire, modified Fatigue Severity scale, morning stiffness,
CHAQ), swollen joint count, active joint count, screening examination for ten-
der points, physician global assessment of disease activity, and parent/patient
global assessment of disease activity.

Study participants were seen at the end of each treatment period. Pain was
assessed by completion of three 10 cm VAS daily for the 2 days prior to the
study visit. The measures described for the baseline visit were also repeated.
In addition, information about adverse events was elicited using a standard-
ized questionnaire and spontaneous report.

At the beginning of each treatment period, participants completed self-
administered assessments at home, giving a new baseline for each treatment
period. These included pain VAS, sleep questionnaire, modified Fatigue
Severity scale, morning stiffness, CHAQ, and parent/patient global assess-
ment of disease activity. For those measures that could not be self-adminis-
tered (e.g., joint counts), the results from the end of the previous treatment
period were carried forward.

Analysis. Data were entered into an Access database (v. 10.0, Microsoft Corp.,
Seattle, WA, USA) and imported to SAS (v. 8.00, SAS Institute Inc., Cary,
NC, USA) for data manipulation. Small data files were then exported to
WinBugs (v. 1.4, Imperial College and Medical Research Council, UK, avail-
able at http://www.mrc-bsu.cam.ac.uk/WinBUGS/) for the primary analysis.

The primary analysis was the difference in pain reduction between
amitriptyline and placebo treatment periods. This was the “treatment effect
for pain.” There were a total of 72 pain scores recorded for each subject,
assuming complete data [6 pretreatment scores and 6 posttreatment scores for
each of 6 treatment periods = (6 + 6) x 6]. If the medication being taken dur-
ing the period was effective, it was assumed that there would be a reduction
in the pain score. The superior therapy should have acted to reduce the pain
score to a greater degree.

For the primary Bayesian analysis, a hierarchical random-effects model
was constructed. The choice of a hierarchical model is important because the
independence of the data cannot be assumed. Indeed, it is expected that data
obtained from the same subject will be more similar than data obtained from
different patients. A random-effect model was chosen because it could not be
assumed that the effects would be constant across treatment pairs or subjects.
The multiply-nested structure of the study design was represented by nested
random effects for pair within subject, treatment within pair, and pre/post
within treatment. The interaction of pre/post with treatment represents the
treatment effect in this model. It is the incremental (i.e., additional) benefit of
being in the post phase after receiving amitriptyline versus being in the post
phase after receiving placebo (see Appendix). For this analysis, values <0 cm
indicated a superior treatment effect of amitriptyline. Estimates of the overall
treatment effect and subject-specific treatment effects were obtained, as well
as the probabilities that these values were < 0 cm (probability of any benefit)
and < —0.8 cm (a priori determined significant reduction in pain).

For the Bayesian analysis, noninformative priors were used for all param-
eters (i.e., assuming that there was no information before the study about
whether amitriptyline might be a better pain reliever). A prior distribution is
a representation of the state of knowledge before any data are collected in a
study. The overall mean treatment effect was assumed to have a normal prior
distribution with mean 0 and variance 10,000. This generated a distribution
that was essentially flat over the plausible range of the overall mean treatment
effect (i.e., all values of the treatment effect were equally likely, over a range
of values that might actually be seen). The detailed model is available from
the corresponding author upon request.

This analysis was repeated for all of the other measures administered. For
those measures where there existed estimates of a clinically significant dif-
ference, the probability that the mean of the posterior distribution was less
than this value was also calculated?8-°,

In order to assess the influence of assumptions about prior distributions
on the primary analysis (overall treatment effect for pain), a sensitivity analy-
sis was conducted by repeating the analysis with alternate prior distributions.
As noted above, the original analysis used a noninformative prior, which
assumed that there was no information available to describe the likely effec-
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tiveness of amitriptyline in reducing pain in study participants. Three alter-
nate prior distributions were examined. The first was a pessimistic prior,
which assumed that it was very unlikely that amitriptyline was superior to
placebo for pain reduction. This distribution was assumed to be normal with
mean 0.8 cm and variance 0.17. The mean was chosen to represent a signifi-
cant difference in pain as defined for this study. The variance was chosen so
that the proportion of the distribution < 0 was only 0.025. The second distri-
bution was a skeptical one, which assumed that it was unlikely that there was
any difference between amitriptyline and placebo. This distribution was
assumed to be normal with mean 0 cm and variance 0.17. The majority of this
distribution fell between —0.8 cm and 0.8 cm, with only 0.025 of the distribu-
tion < -0.8 and > 0.8, respectively. The final distribution was an optimistic
one, which assumed that it was very likely that amitriptyline was superior to
placebo. This distribution was a mirror image of the pessimistic distribution,
being normal with a mean of —0.8 cm and variance 0.17. It should be noted
that the low variances assigned to these priors assumes considerable certain-
ty, which was not reflective of the information available prior to the conduct
of this study. However, this sensitivity analysis provided information about
how convincing the results of this study should be to readers with varying lev-
els of belief about the effectiveness of amitriptyline prior to reading the
results. For example, someone with a strong belief that amitriptyline was
effective in children with arthritis would find this belief reflected in the opti-
mistic prior distribution, and could assess whether their beliefs should be
influenced by the results of this study.

An analysis using standard, frequentist methods was then performed on
the pain outcome. The SAS procedure PROC MIXED was used to perform a
repeated measures analysis. The explanatory variables were patient identifi-
cation, treatment pair, treatment group, whether the data came from a pre- or
posttreatment assessment, and the interaction of treatment group and pre/post
assessment. Patient identification and treatment pair were assumed to be ran-
dom effects, while the remaining variables were considered to be fixed
effects. The dependant variable was pain.

RESULTS

Pain. Median pain scores for assessments 1 to 6 were 1.9, 1.5,
14,1.8,2.5, and 1.2 cm, respectively (F = 0.57,p = 0.72 by
Kruskal-Wallis test), indicating no overall trend in pain scores
over the study. Tender point examination was negative for all
patients.

Figure 1 shows the posterior distribution that was obtained
for the overall treatment effect for pain. The mean of the pos-
terior distribution was 0.67 cm (a positive value suggested
that pain reduction was greater during placebo periods) with a
standard deviation of 0.89 cm (95% credible interval —0.99
cm, 2.55 cm). The probability that the treatment effect was
less than 0 cm was 0.16, and the probability that it was < —0.8
cm was only 0.03 (i.e., it was 97% probable that amitriptyline
did not reduce pain to a significant degree in these patients).

The posterior distributions of the treatment effect for pain
for individual participants are summarized in Table 2. The indi-
vidual mean treatment effect ranged from —0.48 cmto 1.84 cm.
The probability that the mean treatment effect was < 0 ranged
from 0.04 to 0.72, while the probability that it was < —0.8
ranged from 0.01 to 0.33. Thus, it is unlikely that any of the
subjects had a clinically significant response to amitriptyline.

When the overall analysis was repeated using a more tra-
ditional repeated measures technique, no significant differ-
ence in the treatment effect between amitriptyline and place-
bo periods was observed (F =0.80, p =0.37).

Sensitivity analysis. The pessimistic prior distribution yielded
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Figure 1. Posterior distribution of the treatment effect for pain (mean 0.67, standard deviation 0.89). Values < 0

represent superiority of amitriptyline for pain reduction.
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Table 2. Results obtained from posterior distributions of the subject-specific treatment effects for pain. p (any
benefit) is the probability that the treatment effect was less than O (i.e., favoring amitriptyline). p (clinically sig-
nificant benefit) is the probability that the treatment effect was < —0.8.

Subject Mean of SD 95% Credible p (any p (clinically
Posterior Distribution Interval benefit) significant benefit)

1 1.67 0.98 -0.15,3.62 0.04 <0.01

2 -0.48 0.81 -2.08,1.04 0.72 0.33

3 1.84 1.26 -0.30,4.44 0.05 0.01

4 0.22 0.70 -1.19, 1.64 0.37 0.06

5 0.60 0.70 -0.74,2.03 0.19 0.02

6 0.17 0.71 -1.26,1.54 0.39 0.07

a mean for the posterior distribution of 0.75 cm (95% credible
interval 0.08 cm, 1.44 c¢m) with standard deviation 0.34 cm.
The skeptical prior distribution yielded a mean for the poste-
rior distribution of 0.18 cm (95% credible interval —0.52 cm,
0.86 cm) with standard deviation 0.35 cm. The optimistic
prior distribution yielded a mean for the posterior distribution
of —-0.47 cm (95% credible interval —1.26 cm, 0.28 cm) with
standard deviation 0.39 cm. Even for this optimistic prior, the
probability that the treatment effect was clinically important
(i.e. <—0.8) was only 0.20.

Other measures. Overall treatment effects were calculated for
each of the other measures assessed in this study. These are
summarized in Table 3.

Withdrawals. No participant withdrew from the study due to
adverse events or side effects. Four participants completed the
entire protocol. One participant completed 2 treatment pairs
and then withdrew due to a personal matter unrelated to the
study. One participant completed one treatment pair and then
chose not to continue in the study due to concerns about the
time commitment required for followup visits.

Compliance and cointervention. Overall compliance with
study medication was 98%, with 452/462 doses of medication
(placebo or amitriptyline) taken. For individual patients, com-
pliance ranged from 89% to 100%. In all cases, the number of
doses of medication reported to have been taken agreed with
the number pills returned at the end of the treatment period.

With regard to overall compliance with the protocol, one
patient had a change in medication (increase in dose of
methotrexate). This occurred during treatment period 3 in a
patient who completed 4 treatment periods. This period
was a placebo period. Two participants underwent corti-
costeroid joint injections. In one participant, 2 joints were
injected during period 4 (amitriptyline) in a participant
who completed 4 treatment periods. The other participant
had injection of 8 joints during period 5 (amitriptyline).
This participant completed the entire protocol. When the
analysis was repeated, with the treatment periods affected
by corticosteroid injections deleted, the mean treatment
effect for pain was 0.92 (standard deviation 0.97, 95%
credible interval —0.82, 3.03).

Safety. No subject experienced any serious adverse events
related to the study medication, and no subject withdrew
from the study for medication reasons. Overall, all subjects
complained of at least one side effect at some point during
the study. Side effects reported were dry mouth (6/6 sub-
jects), sedation (6/6 subjects), nausea (5/6 subjects), blurred
vision (2/6 subjects), diarrhea (1/6 subjects), and sore throat
(1/6 subjects). There was no difference in reporting of side
effects between amitriptyline and placebo periods.

DISCUSSION
This project had 2 main goals. The first was to examine the

Table 3. Overall treatment effects of the other outcomes assessed in this study. P (any benefit) is the probability that the treatment effect was less than 0
(favoring amitriptyline). P (clinically significant benefit) is the probability that the treatment effect was < —0.8.

Subject Mean of SD 95% Credible p (any p (clinically
Posterior Distribution Interval benefit) significant benefit)*
Sleep questionnaire 0.61 3.77 -6.74,8.24 0.44 NA
Sleep VAS 0.16 1.59 -3.09,3.24 044 0.24
Fatigue questionnaire -0.75 2.84 —6.4,2.94 0.61 NA
Morning stiffness VAS 1.04 1.76 —2.54,4.64 0.26 0.12
CHAQ -0.09 0.15 -0.34,0.19 0.78 0.36"
Swollen joints -0.02 0.39 -0.77,0.76 0.53 NA
Active joints -1.28 1.69 -4.53.2.26 0.80 NA
Physician global VAS -0.22 0.75 -1.71,1.25 0.63 0.18
Patient global VAS -1.53 1.50 —4.46,1.59 0.87 0.72

* Calculated for VAS scores and the CHAQ score only. T Probability that the CHAQ score was less than —0.13. NA: not applicable.
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feasibility of using serial N-of-1 trials, analyzed using a
Bayesian statistical model, to estimate the population effect of
an intervention. The second goal was to assess, in a pilot
study, the likelihood of effectiveness of amitriptyline as a
pain-reducing intervention in children with polyarticular
course JIA.

With regard to the first goal, this project was an empiric
success. For each of the outcomes assessed, we obtained an
estimate of the effect of the intervention, and the likelihood
that this effect was different than for placebo. Not surprising-
ly, given the small sample, despite using multiple crossovers
for each patient, the frequentist analysis was only able to indi-
cate that no statistically significant difference between the 2
groups could be detected. Given the high likelihood of Type II
error, the frequentist analysis does not provide enough infor-
mation to indicate whether a larger study should be pursued.
For this reason, serial N-of-1 trials analyzed with Bayesian
metaanalysis is a methodology of considerable potential value
in the pilot assessment of new therapeutic interventions and in
the study of rare illnesses. By using these methods, very small
numbers of study participants can provide important informa-
tion regarding the likelihood of treatment benefit prior to
embarking on the expense and difficulties of constructing
large multicenter clinical trials. For example, similar methods
have been used successfully and independently to investigate
the use of an herbal supplement for the treatment of
insomnia®’,

With regard to the second goal, our analysis indicated that
there was a very low probability that amitriptyline acted to
reduce pain in this population. Indeed, the mean treatment
effect for pain was actually 0.67 cm, meaning that children
experienced a greater reduction in pain during periods when
they received placebo. The sensitivity analyses indicated that
the conclusions of the study were robust — the findings were
not sensitive to the choice of prior distribution. The pes-
simistic and skeptical priors did not change the conclusion
that amitriptyline did not act to reduce pain. When a prior dis-
tribution that modeled a strong belief in the superiority of
amitriptyline was used, the mean treatment effect was < 0
(-0.47 cm). However, there was only a 20% probability that
the mean treatment effect was clinically significant. Thus, our
pilot data suggest reconsideration of the benefits of amitripty-
line even when the prior is optimistic. This work provides evi-
dence that further study of amitriptyline in patients with juve-
nile arthritis similar to those who participated in this study is
not strongly supported.

The protocol used for the conduct of this study required
frequent contact with study participants. Subjects were seen in
the clinic every 3 weeks during the study, which was difficult
for those potential subjects who did not live close to the clin-
ic. Future studies will need to balance the interval of time
between assessments to minimize the burden on participants
and still complete the study in a reasonable time. However,
the potential burdens associated with an intensive protocol

must also be weighed against the burdens, costs, and difficul-
ties associated with the conduct of larger multicenter clinical
trials. Further, the advantage of being able to study a small
number of subjects to obtain pilot data and perhaps avoid the
costs of a larger study should not be underestimated. For these
reasons, these methods are potentially an important tool in the
study of rare illnesses and for pilot work to determine if fur-
ther research is warranted.

The intentional enrollment of a very small sample size is a
distinctive aspect of this study. We were particularly interest-
ed in learning if the study goals could be met, with results that
were statistically robust, with a small sample size. Our success
suggests that this design could be applied to other pilot work
and the study of rare diseases. Although the small sample size
is unusual, it is actually a strength of this work, and acts to
confirm that surprisingly robust answers can be obtained from
small data sets.

There are limitations that may affect the interpretation of
our results. First, our results are applicable only to the narrow
spectrum of juvenile arthritis studied here. Other groups of
children with arthritis might experience improvement with
amitriptyline therapy (e.g., those with higher pain scores or
more active disease). The relatively low pain scores of partic-
ipants in this study may have limited the potential for
improvement, and obscured treatment effects. However, our
results should be valid for children similar to those we have
studied. Second, it is possible that amitriptyline used differ-
ently (higher doses or longer durations) could have had
greater effects on pain relief. However, we chose both treat-
ment parameters based on review of the literature and clinical
experience. Third, all study participants received the same
dose of amitriptyline. It is possible that for some children this
dose was inadequate and for others the dose was more appro-
priate. Given that the “correct” dose was unknown and that
there may have been other factors influencing the effects of
amitriptyline (e.g., older children might have been more or
less sensitive), the possible effects of this issue are difficult to
predict. Finally, a washout period of 1 week was used. This
was thought to be appropriate, but if significant carryover
effects of amitriptyline periods carried over into placebo peri-
ods, this could have obscured benefits of amitriptyline. This is
also unlikely, given that effects of amitriptyline typically dis-
appear within a few days when used clinically.

Two participants in this study received corticosteroid joint
injections during the study. As noted, both of these occurred
during amitriptyline periods. It would be expected that this
should have biased the results toward showing benefit for
amitriptyline. When the analysis was repeated, deleting those
treatment periods affected by the corticosteroid injections, the
mean treatment effect for pain was more positive. This indi-
cates an even smaller likelihood that amitriptyline was superi-
or to placebo for pain relief in study participants. Thus, we
believe that the use of corticosteroid injections during the trial
does not influence our conclusions.
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In summary, we have also demonstrated how serial N-of-1

trials could be combined using a Bayesian statistical model to
generate estimates of the population effect, even with very
small amounts of data. This methodology is a potentially
powerful tool in pilot work and the study of rare illnesses,
and may facilitate research under circumstances where more
conventional methods are inappropriate or prohibitively
expensive. However, the methods are time- and labor-inten-
sive, for both researchers and participants, and should be
chosen in circumstances when they are the most appropriate.
We have also shown that there is little probability that
amitriptyline acts as a pain-relieving medication in this pop-
ulation of children with arthritis. Our results do not encour-
age further research of this intervention in children similar to
those studied here.
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APPENDIX. The Bayesian hierarchical random-effects model.

Appendix 1. Explanation of Bayesian, hierarchical, random-effects model.

Pair 1 Pair 2 Pair 3

Treatment Placebo Treatment Placebo Treatment Placebo

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+
Pair; Pair| + Pair; Pair| + Pair, + Pair, + Pair, Pair, + Pair; + Pair; + Pair, Pair; +
+ trt, trt; post, trt, trt,, post, trty trts, posty

post,+ post,+ post; +
(trt*post), (trt*post), (trt*post),

The table shows the mean values for the 6 exchangeable VAS measurements
for a single subject in the trial. This structure would be repeated independ-
ently for each of the subjects in the study. The 6 VAS scores in each study
period (box) each come from a normal distribution with the corresponding
mean and a common error variance; e.g., the VAS scores in the pre period
for treatment in Pair 1 have mean a + Pair; + trt;

Definition of the parameters in the table and corresponding parameters in
the model

There is an overall mean o for the subject:
o = subject Mean [vector of length 6]
There are random effects Pairj’ (=113 that allow the means of the 3 pairs
to be different:
Pairj = pair Deviation [array with 6 rows, 3 columns]

There are effects of being POSt; (=103 that allow the pre and post means
to differ. These are assumed the same for each pre-post couple within a pair,
but different in the 3 pairs

trtj = treat.beta [array with 6 rows, 3 columns]

There is the random effect for treatment trt that allows the overall mean in
the treatment period to be higher than the mean in the placebo period:
Posti = prepost.beta [array with 6 rows, 3 columns]

Finally, there is the effect of interest, the additional effect of treatment on
the pre-post difference. This is modeled by the interaction between post and
treatment and it is given a random effect that has a common mean for each
subject. These are parameters here.

(trt*post)j = treat.ixn.beta [array with 6 rows, 3 columns]

What is the model doing? It would be possible to calculate the arith-
metic mean of the pain scores for each treatment period. However, we are
working here with parameters so there is an inherent weighting according to
sample size and variability of the 6 VAS scores that contribute to the means
in each cell of the table. Consider Pair 1:

The post-pre period mean for the treatment period is

o, + Pair; + trt; + post; + (trt*post), — [ + Pair| + trt;] = post; +

(trt*post),

The post-pre period mean for the placebo period is
o + Pair; + post; — [ + Pair, | = post,

The difference between these 2 differences is
post, + (trt*post), — post; = (trt*post),
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