




with and without incorporating prior treatment-effect information from the
Goldenberg study2 were used (see Bayesian analyses below). 

Enrollment site (center or community) and selected patient characteristics
(age, sex, body mass index, height, weight, weight change, symptom dura-
tion, employment status, marital status, weekly exercise, drug use, presence
of irritable bowel, facial pain and/or migraine, baseline outcome scores, com-
posite baseline severity, belief of treatment efficacy, patient anxiety level,
prior FM therapy) were separately tested for significant association with treat-
ment effectiveness. Carryover effect and time trend, both concerns when
using crossover and repeated measures designs, were assessed across indi-
viduals. 
Combined N-of-1 outcome comparisons. The combined N-of-1 population
estimates were compared with outcomes from more typical crossover trial
designs in which participants try each treatment only once. The first meas-
urements on each therapy from each N-of-1 trial were compared as in a sin-
gle (AB/BA) crossover trial. These outcomes (using FIQ scores and the other
measures) were then directly compared with the analogous (AMT and
AMT+FL) outcomes from the published crossover trial2.
Statistical methods. Classic individual N-of-1 trial analyses comparing FIQ
scores on the 2 therapies used a 2-sided t-test assuming equal variances for
the 2 therapies.

Intercorrelations of FIQ scores and the other outcome measures were
determined using Spearman (rank) correlation coefficients. Median correla-
tions across the individuals completing at least one period taking each thera-
py were calculated.

Carryover and time trend significance were tested using random-effects
regression models that included treatment pattern variables and time together
with a time-by-treatment interaction term, respectively.

Bayesian analyses combining N-of-1 trials employed a 2- level random-
effects model13 to describe the posterior distributions of treatment effective-
ness. For these analyses we assumed a common within-patient variance. More
complex variance structures did not improve model performance. Analyses
used both noninformative and, separately, informative priors derived from
published trial results2 (see details in Appendix).

Combined N-of-1 results were compared with a more standard crossover
design. The first pairs of measures (one on each treatment) across the N-of-1
trials were compared using a paired t-test. These outcomes were compared
between groups (center and community, N-of-1, and published results) using
an analysis of variance (ANOVA).

Estimated benefits of N-of-1 trials for individuals and for research:
Among trial completers who selected either AMT or AMT+FL, we compared
the proportion selecting AMT with random AMT selection (probability = 0.5)
using a one-sample t-test. Additionally, outcomes of individuals’ N-of-1
based therapy choices (i.e., the mean FIQ score from the 3 periods taking their
selected treatment) were compared with their similarly determined FIQ scores
for empiric use of a single agent (AMT) and for empiric combination thera-
py. For these 3 choice strategies across patients, the overall mean FIQ scores
were compared using an ANOVA and subsequent pairwise comparisons. For
the population estimates, we determined the relative numbers of patients
needed to enroll to attain similar precision using a combined N-of-1 approach
as compared with a single crossover (AB/BA) design19.

Statistical analyses were carried out using SAS System for Windows 8.2
and S-plus V.6.2. For Bayesian hierarchical model calculations using Markov
chain Monte Carlo techniques, we used WinBUGS Version 1.4.

RESULTS
Recruitment and enrollment. Seven community-based
rheumatologists agreed to participate in response to 69 invita-
tions sent (10% response rate). One of these rheumatologists
was actively involved with practice-based research at the time
of recruitment. The others reported some research experience
during their subspecialty training. No participating physician
had prior N-of-1 trial experience.

Fifty-eight patients enrolled in N-of-1 trials from
November 2000 through February 2003. Fifty-two were
enrolled from the physicians’ patient panels that together
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Figure 1. The N-of-1 trial design used in comparing responses of FM patients to AMT and AMT+FL.
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included over 2000 patients with active FM. Rheumatologists
reported that comorbid depression, prior use of the trial med-
ications, comorbidities confusing FM evaluation (in particu-
lar, rheumatoid and osteoarthritis), and lack of interest in par-
ticipating in a study were the main barriers in recruiting their
patients. Of 90 newspaper advertisement responders, 9 (10%)
completed the evaluation processes and were found to be eli-
gible for study and 6 enrolled.

Baseline characteristics were similar (Table 1) between
patients from the referral center (n = 34) and the community
practices (n = 24). These participants were also similar to the
published study’s2 center-based FM cohort (data not shown).
Of the N-of-1 trial enrollees, 88% reported no previous
research participation. Forty-six participants (79%) completed
at least 2 treatment periods (one taking each therapy) and 34
(59%) completed their N-of-1 trials (6 periods). Retention in
the trials and reasons for withdrawal are summarized in Table
2. Overall dropout rates were similar between the practice
types (p = 0.97).
Safety. AMT and/or NOR were detectable (≥ 25 µg/l) in only
20% of the tested samples. All combined AMT/NOR levels
were ≤ 30 µg/l taking AMT and ≤ 70 µg/l taking AMT+FL.
Side effects were reported by 38 participants during their tri-
als and led to 8 patient withdrawals (Table 2). The most fre-
quently reported side effects were sedation, headache, dry-
ness, and gastrointestinal-related symptoms/change in bowel
habits.
Individual outcomes and feedback. Individuals’ differences in
mean FIQ scores while taking AMT+FL compared with AMT

are shown in Figure 2 together with the 95% confidence inter-
val (CI). No correlation is noted between the size or direction
of the mean differences and the participants’ response varia-
tions (shown as the CI). FIQ score correlations with the other
outcomes varied across individuals and the median correla-
tions with the other quality of life measures were high: VAS-
Global (0.77), VAS-Pain (0.77), VAS-Sleep (0.77), VAS-
Fatigue (0.71), VAS-Refreshed (0.71), and Global MD-VAS
(0.77). The FIQ score was less well-correlated overall with the
TPE score (0.46).

Reports of individuals’ FIQ scores and analyses were pro-
vided to the 34 trial completers. Among these participants, 22
chose combination therapy (2 modified the dose of AMT due
to sleep/wakefulness issues), 8 chose AMT alone (3 in modi-
fied dosages), and the remaining 4 patients chose other thera-
pies. Most (85%) selected the therapy with the lower mean
FIQ score. In our study, the large majority (over 90%) of trial
completers reported their N-of-1 trial was useful and would
recommend it to other patients. At the end of their trials, 94%
reported they would consider participating in another N-of-1
trial, and 87% held that view after 3 months.
Population outcomes and comparisons with more standard
trial designs. Combined N-of-1 trials’ estimates of treatment
effects differed somewhat depending on the analytic method
used (e.g., all data vs first pair only) and the populations
included (2-period vs trial completers), but all supported a sig-
nificantly greater FIQ score improvement taking combination
therapy (Table 3). Compared with a single-crossover design,
precision is increased using the Bayesian models.
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Table 1. Participants’ characteristics.

Center, Community, p
n = 34 n = 24

Sex-female (%) 33 (97) 23 (96) 0.80
Age, yrs (mean ± SD) 44 ± 10 42 ± 9 0.46
Ethnic Caucasian (%) 12 (86)* 22 (92) 0.56
Marital, married (%) 25 (74) 17 (71) 0.82
Yrs of symptoms, median (q1–q3) 4.5 (3–9) 5 (3–8)† 0.83
History of facial pain (%) 9 (27) 3 (13) 0.20
History of migraine (%) 14 (41) 10 (42) 0.97
History of irritable bowel syndrome (%) 21 (62) 12 (50) 0.37
Baseline outcome scores
FIQ 58 ± 15 58 ± 15 0.93
Visual assessment scales
Patient VAS–global 68 ± 22 68 ± 19 0.99
Patient VAS–pain 70 ± 19 69 ± 18 0.80
Patient VAS–sleep 72 ± 24 73 ± 24 0.90
Patient VAS–fatigue 72 ± 17 79 ± 19 0.15
Patient VAS–refreshed 74 ± 19 84 ± 17 0.03
Physician VAS–global 73 ± 20 64 ± 23 0.14

Tender point examination score 21 ± 5 22 ± 7 0.67
History of prior treatment 23 (70%)** 17 (71%) 0.93
Beck Depression Inventory score 12 ± 4 10 ± 5 0.06

* Based on N = 14; † based on N = 21; ** based on N = 33. FIQ: Fibromyalgia Impact Questionnaire, VAS:
visual analog scale.
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Table 2. Retention in N-of-1 trials, reasons for withdrawal, and reports of side effects.

No. Enrolled Side Effect Reports (No. of
(% retained) Number: Reason for Dropout Patients reporting Side Effects)*

Period Center Community No. Withdrawn During This Period AMT AMT + FL

Baseline 34 24 0
1 31 (91) 22 (92) 5 3: Intolerable side effects† 9 (8) 26 (13)

2: Unrelated injury/reason
2 28 (82) 18 (75) 7 4: Intolerable side effects** 9 (6) 16 (11)

3: Lack of effectiveness
3 24 (71) 17 (71) 5 2: Clear perceived preference 9 (7) 6 (5)

1: Lack of effectiveness
1: Did not follow up

1: Intolerable side effects†
4 23 (68) 15 (63) 3 2: Lack of effectiveness 13 (8) 9 (6)

1: Did not follow up
5 21 (62) 14 (58) 3 1: Unrelated injury/reason 6 (4) 4 (2)

1: Did not follow up
1: Lack of effectiveness

6 20 (59) 14 (58) 1 1: Lack of effectiveness 4 (2) 6 (4)
3 month 20 (59) 11 (46) 3 3: Did not follow up
followup

* Thirteen patients reported the same side effect(s) during both AMT and AMT + FL treatments and 6 participants reported the same side effect(s) during
more than one period taking the same medication. Thirty-two percent of patients reported more than one side effect taking AMT and 39% reported more than
one side effect taking AMT + FL. † All were taking AMT + FL. ** 3 out of 4 were taking AMT + FL. AMT: amitriptyline. FL: fluoxetine.

Figure 2. Individuals’ treatment response variations shown as differences in mean FIQ scores taking AMT+FL and AMT with 95% confidence intervals. Center:
center-based practice; comm: community-based practice.
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Incorporating the published prior probability of an 8-point
FIQ score improvement on AMT+FL into our Bayesian analy-
ses slightly increases the treatment-effect estimates.

We tested for interactions of treatment effect and enroll-
ment site (center vs community) or any of the selected patient
characteristics. No statistically significant associations were
found in our study population (data not shown). Additionally,
no significant interactions between time and treatment effect
or between treatment order and treatment effect were identi-
fied using random-effects regression models (data not shown).

To directly compare outcomes from N-of-1 trial com-
pleters with the 2-period completers, and then with the pub-
lished crossover trial2, N-of-1 data were reanalyzed as a stan-
dard single-crossover trial (Table 4). Only one measure from
each therapy (in other words, data only from the first pair of
periods) from the N-of-1 trials was used. In the N-of-1 trials,
statistically significant improvements taking AMT+FL com-
pared with AMT were found in FIQ scores (–6.7, p = 0.05) as
well as the VAS-pain scale (–11.1, p = 0.02) and TPE scores
(–3.4, p = 0.001). Compared with the Goldenberg crossover
trial outcomes2, no statistically significant differences were
found in FIQ score differences either using results from all N-
of-1 trials (p = 0.42) or using the subset of N-of-1 trials (p =
0.66) carried out at the same referral center. Similarly, com-
paring the other measure outcomes, no significant differences
were found (data not shown).

Potential benefits of combining N-of-1 trials. Using N-of-1
trials, significantly fewer participants than expected by ran-
dom selection (probability = 0.5) chose treatment with AMT
alone (27%; p for one-sample t-test = 0.007). The mean FIQ
outcome for the N-of-1 trial-based treatment choices (mean
FIQ = 40.3) was low (improved) compared with the mean FIQ
score while taking either single (AMT) medication (44.7; p <
0.001) or uniform AMT+FL therapy (41.4; p = 0.27). While
the latter difference was not statistically significantly lower,
the N-of-1 trials-based outcome was attained with reduced
medication usage (27% used AMT only).

The ability to use the data from individually beneficial trials
for population research itself provides a potential added benefit
of these trials. Additionally, combining N-of-1 trials (with
repeated measures) for a population estimate may reduce the
number of enrollees required for equivalent estimate precision
compared with a standard crossover design. In our analyses
(Table 3), the standard error is reduced when all measures are
analyzed compared with 2-period analyses (–6.6 ± 1.7 vs –6.7
± 3.3). Using our resulting within- and between-patient vari-
ance estimates (200 and 100, respectively), enrollment of 25
patients with 3 pairs of measures was calculated to give about
the same precision as 46 subjects with one pair of measures.

DISCUSSION
In addition to comparing FM therapies, our study provided
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Table 3. Population treatment effect estimates from combined N-of-1 trials’ results.

Trial Completers (n = 34) 2-period Completers (n = 46)
Mean Difference Mean Difference

Analytic Method (Combo-AMT) ± SE (Combo-AMT) ± SE

A. Combining all available treatment period data Probability > 0 Probability > 0
FIQ Bayesian methods using only data from this study –6.8 ± 2.1 99.9% –6.1 ± 2.0 99.9%

(noninformative priors)*
FIQ Bayesian methods using information from prior study –7.1 ± 1.8 100% –6.6 ± 1.7 100%

B. Combining only first 2 periods’ data (as in AB/BA trial design)
FIQ 2 period paired t-test –8.0 ± 3.7 p = 0.04 –6.7 ± 3.3 p = 0.05

* See details in Appendix. FIQ: Fibromyalgia Impact Questionnaire. AMT: amitriptyline. FL: fluoxetine.

Table 4. Population treatment effect comparisons combining only the N-of-1 trials’ first 2 periods’ data as in a standard AB/BA trial design.

Trial Completers (n = 34) 2-period Completers (n = 46)
Mean Difference p Mean Difference p

Measure Analytic Method (combo-AMT) ± SE (combo-AMT) ± SE

FIQ 2-period paired t-test –8.0 ± 3.7 0.04 –6.7 ± 3.3 0.05
VAS-global 2-period paired t-test –8.9 ± 5.0 0.08 –7.0 ± 4.8 0.16
VAS-sleep 2-period paired t-test –0.3 ± 6.9 0.97 –2.0 ± 5.5 0.71
VAS-pain 2-period paired t-test –12.4 ± 5.0 0.02 –11.1 ± 4.8 0.02
VAS-awaken 2-period paired t-test –5.8 ± 5.4 0.28 –3.8 ± 4.6 0.42
VAS-fatigue 2-period paired t-test –6.5 ± 5.9 0.28 –4.1 ± 5.5 0.46
TPE 2-period paired t-test –3.6 ± 1.2 0.005 –3.4 ± 1.0 0.001
VAS-global MD 2-period paired t-test –7.2 ± 6.5 0.27 –8.2 ± 5.6 0.15

FIQ: Fibromyalgia Impact Questionnaire; VAS: visual analog scales; TPE: tender point examination.
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methodologic and feasibility insights about using the com-
bined N-of-1 approach for practice-based effectiveness
research. We found that this research design can be used in
center- and community-based rheumatology practices. It
appears capable of broadening research involvement, with
75% of our physician investigators previously not involved in
practice-based research and 88% of patients never having
been research participants before this trial. 

Our population results showed a significantly better FIQ
score outcome on AMT+FL compared with AMT alone.
These results concur with the population findings of the earli-
er standard crossover trial outcomes2. In combining N-of-1
trials, the effect size estimates differ somewhat depending on
the analytic methods and patient samples used (e.g., trial com-
pleters vs all 2-period completers). The hierarchical Bayesian
approach allows estimation of both population and individual
treatment efficacy and can incorporate prior information into
both13. Further work is under way to compare the various ana-
lytic models and their underlying assumptions and limitations
in order to identify the most appropriate approach(es) for
combining N-of-1 trials’ results.

The combined N-of-1 population design is an extension of
both the standard crossover trial and the repeated measures
trial and as such provides information not available in more
typical designs. The repeated measures on each treatment
within and across individuals allowed us to evaluate how well
the FIQ scores and other outcomes correlate in measuring
individuals’ responses to therapies. We found that the patient-
assessed outcomes correlated well with the FIQ scores but, as
suggested in published population studies, the TPE scores do
not2,20,21. Our confirmatory findings at the level of the indi-
vidual patients further dispel the utility of the more “objec-
tive” diagnostic TPE as a valid measure for FM treatment
response.

Repeated measures on individuals also add to statistical
power, as evidenced in the precision of our population esti-
mates, and can reduce enrollment requirements. The appropri-
ateness of this increased exposure needs to be taken into
account in designing studies, while also recognizing other
potential limitations that enrolling fewer patients can have in
addressing research questions. For example, the ability to
identify specific patient characteristics associated with
response variation depends on overall enrollment and hetero-
geneity. Among our participants we were not able to identify
significant variables (practice site or patient characteristics)
associated with the observed response variation.

Although we sought broad enrollment of patients with FM,
we found patient recruitment more daunting than anticipated.
We believe the difficulty likely reflects our choice of study
medications and the inclusion criteria. Many patients with FM
in rheumatologists’ practices had already tried the therapies
prior to the study. Trial eligibility was further limited by the
exclusion of the substantial numbers of patients with FM who
also had depression or comorbid rheumatologic conditions

confusing FM evaluation. As a result, our participants were
largely drawn from the similarly small numbers of relatively
“treatment-naive” patients with FM in rheumatology practices
and were alike. Better understanding of the bases for enroll-
ment limitations is important in order to delineate feasibility
effectors. Interestingly, once enrolled, a high percentage of the
participants (79%) completed at least 2 treatment periods (tak-
ing each treatment at least once). Excluding discontinuations
due to significant side effects (14%; similar to reported trial
discontinuation using these medications22,23) this represents
92% of the remaining participants. We need to further ascer-
tain if the individual and management focus of the combined
N-of-1 approach affects participant enrollment and retention
and, as a result, outcome generalizability.

Successful clinical trials often depend on participants’ abil-
ity to adopt the study processes and interventions as well as to
perceive a benefit to their participation24,25. Our participating
physicians found the N-of-1 trials feasible within their prac-
tices. Most patient-participants felt that their N-of-1 trial was
helpful to them, would recommend it to others, and would
participate again to compare other potential therapies.
Although this information was collected only from those who
completed the N-of-1 studies (58% of enrollees), it corrobo-
rates other reports of individual satisfaction with N-of-1
trials7,26-28.

Quantifying the benefits of N-of-1 trials poses a greater
challenge and may differ for individuals and for a population.
Earlier studies compared outcomes of patients randomized to
undertake N-of-1 trials for treatment management with groups
that did not8-10. We compared outcomes within the same indi-
viduals. The outcomes from their N-of-1-based treatment
choices showed an improved (lower) FIQ score compared
with their outcomes taking empiric AMT or empiric AMT+FL
treatment. Compared with AMT+FL, the N-of-1 reduction in
FIQ was not statistically significantly lower (p = 0.27), but
was achieved with less drug use (8 of 30 patients used only
single-drug treatment). As with the prior group-to-group com-
parisons, finding only limited outcome benefits given the
higher costs of N-of-1 trials may deter these trials’more wide-
spread use8,10. However, to date, the cost-benefit analyses
have not taken the population research potential of combining
N-of-1 trials into account. While limited to the study of ther-
apies appropriate for more widespread testing (such as Phase
IV studies), integrating population estimate determinations
with individual, repeated measures treatment management tri-
als might prove cost-effective compared with the combined
costs of standard care and research. Further work is needed to
evaluate this.

We recognize several limitations of our study and acknowl-
edge the need to extend this work in light of the lessons
learned. For example, to combat the recruitment shortcom-
ings, enrolling patients from primary care practices might be
considered in planning future studies. The establishment of
practice-research networks could help physician recruit-
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ment29,30. More rapid design and funding of practice-based
research is needed to perform clinical trials at earlier stages of
treatment use, potentially improving recruitment. Greater
awareness of factors affecting eligible patients’ participation
in research is key to improving recruitment as well.

Improved integration of research-related and practice sys-
tems, specifically electronic medical records, could provide
recruitment reminders and ease the integration of studies that
require practice-billing systems. Electronic data systems with
Internet ties would help to reduce data entry and analysis
errors. Methodologically, as more data are collected and
incorporated into cumulative analyses, subsequent trials may
be modified31. Using the population results, individuals may
be able to undertake fewer crossovers and still obtain similar
precision in their individual probability estimates13. The
cumulative capabilities could help achieve better precision as
new questions arise.

Our work confirms the greater overall effectiveness of
combined AMT+FL for improving FIQ scores and provides
support for further exploring the uses of practice-based N-
of-1 trials for expanding effectiveness research. In bringing
together community- and center-based physicians we
showed that this approach was feasible, provided similar
outcomes to a more standard trial design, and was well
accepted by participants. Recruitment and enrollment posed
challenges that we need to understand and address to
improve feasibility and the generalizability of results of
future studies. N-of-1 trials can be used in comparing a wide
range of therapies, both standard and complementary, for
many musculoskeletal and other chronic disorders. While
providing individual-focused outcomes, the combined N-of-
1 trial design offers promise for bridging “research in prac-
tice” and “practice to research.”
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Appendix. Bayesian analyses.
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