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Effect of Mobile Device-Assisted N-of-1 Trial Participation
on Analgesic Prescribing for Chronic Pain: Randomized
Controlled Trial
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Christopher H. Schmid, PhD5,6, Rima Cabrera, MSW3, Ida Sim, PhD, MD7,8,
YoudanWang, MS5, BarthWilsey, MD9,10, Naihua Duan, PhD11, StephenG. Henry, MD12,
and Richard L. Kravitz, MD, MSPH12

1Department of Medicine, Madigan Army Medical Center, Joint Base Lewis McChord, Tacoma, WA, USA; 2School of Medicine, University of
California Davis, Sacramento, CA, USA; 3Center for Health Care Policy and Research, University of California Davis, Sacramento, CA, USA; 4Betty
Irene Moore School of Nursing, University of California Davis, Sacramento, CA, USA; 5Department of Biostatistics, Brown University School of Public
Health, Providence, RI, USA; 6Center for Evidence Synthesis in Health, Brown University School of Public Health, Providence, RI, USA; 7Division of
General Internal Medicine, University of California San Francisco, San Francisco, CA, USA; 8Open mHealth, New York, NY, USA; 9Veterans Affairs
Northern California Health Care System, Sacramento Medical Center, Mather, CA, USA; 10Department of Psychiatry, University of California, San
Diego,CA, USA; 11Department of Psychiatry, ColumbiaCollegeof Physicians and Surgeons, NewYork, NY, USA; 12Department of InternalMedicine,
Division of General Medicine, University of California Davis, Sacramento, CA, USA.

OBJECTIVES: Opioids and non-steroidal anti-inflamma-
tory drugs (NSAIDs) are frequently prescribed for chronic
musculoskeletal pain, despite limited evidence of effec-
tiveness and well-documented adverse effects. We
assessed the effects of participating in a structured, per-
sonalized self-experiment (“N-of-1 trial”) on analgesic pre-
scribing in patients with chronic musculoskeletal pain.
METHODS: We randomized 215 patients with chronic
pain to participate in anN-of-1 trial facilitated by amobile
health app or to receive usual care. Medical records of
participating patients were reviewed at enrollment and
6 months later to assess analgesic prescribing. We
established thresholds of ≥ 50, ≥ 20, and > 0 morphine
milligram equivalents (MMEs) per day to capture patients
taking relatively high doses only, patients taking low-
moderate as well as relatively high doses, and patients
taking any dose of opioids, respectively.
RESULTS: There was no significant difference between
the N-of-1 and control groups in the percentage of pa-
tients prescribed any opioids (relative odds ratio (ROR) =
1.05; 95% confidence interval [CI] = 0.61 to 1.80, p =
0.87). There was a clinically substantial but statistically
not significant reduction of the percentage of patients
receiving ≥ 20 MME (ROR=0.58; 95% CI = 0.33 to 1.04,
p = 0.07) and also in the percentage receiving ≥ 50 MME
(ROR=0.50; 95% CI = 0.19 to 1.34, p = 0.17). There was a
significant reduction in the proportion of patients in the
N-of-1 group prescribed NSAIDs compared with control
(relative odds ratio = 0.53; 95%CI = 0.29 to 0.96,p = 0.04),
with no concomitant increase in average pain intensity.

There was no significant change in use of adjunctivemed-
ications (acetaminophen, gabapentenoids, or topicals).
DISCUSSION:These exploratory results suggest that par-
ticipation in N-of-1 trials may reduce long-term use of
NSAIDs; there is also a weak signal for an effect on use
of opioids. Additional research is needed to confirm these
results and elucidate possible mechanisms.
TRIAL REGISTRATION: ClinicalTrials.gov Identifier:
NCT02116621.
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INTRODUCTION

Chronic musculoskeletal pain is a vexing clinical problem.
Most pharmacological treatments produce modest benefits
accompanied by significant potential for harm.1, 2 In particu-
lar, long-term use of opioids has been reliably associated with
development of physical and psychological dependence,
sometimes leading to substance use disorder and rarely to
accidental overdose and death.3–5 While high doses convey
the greatest risk, no dose is risk-free.6 Furthermore, opioids
have not been consistently shown to provide better analgesia
than non-opioid pain medications for non-cancer related
chronic pain.2, 7, 8 Yet simply replacing opioids with non-
steroidal anti-inflammatory drugs (NSAIDs), which are argu-
ably the most effective pharmacologic alternative for chronic
musculoskeletal pain, poses other risks, including nephrotox-
icity, gastrointestinal bleeding, and heart failure.9–14 Clinicians
and patients need approaches to analgesic prescribing that
maximize pain relief while minimizing potential harms.
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In typical practice, clinicians try multiple pharmacologic
and non-pharmacologic approaches to chronic musculoskele-
tal pain, advancing by trial and error, with outcomes usually
assessed for the interval between office visits through informal
questioning. There are two problems with this approach. First,
perceived benefits over a single interval may be influenced by
myriad external factors including random fluctuations in the
underlying painful condition, physical activity, comorbid
medical conditions, stress, finances, and weather.15–18 Second,
global assessments of benefits and harms as determined by
simple questioning (e.g., “do you think the medication
helped?”) are subject to recall bias.19 As a result, the “trial of
therapy” approach is a crude instrument for identifying the
treatment regimen most likely to deliver net benefits for a
particular patient in the long term. The missing element is
replication: comparing a treatment to its alternative (which
may include no treatment) more than once.
N-of-1 trials—rigorous crossover experiments conducted

within a single patient—offer a solution. In an N-of-1 trial,
treatment periods (i.e., the time periods when patients are tasked
with following regimen A versus regimen B) may be assigned
in random order or in a predetermined, counterbalanced fashion
(e.g., ABABAB or ABBA). Outcomes while on each treatment
regimen are recorded systematically. Following the trial, graph-
ical, or statistical reports provide a direct comparison of treat-
ment effects. The general approach is schematized in Fig. 1,
modified from Zucker et al.20, 21 In chronic musculoskeletal
pain, N-of-1 trial-based prescribing has the potential to reduce
unnecessary opioid and NSAID use by demonstrating the su-
periority or equivalence of potentially safer treatments such as
acetaminophen, topical agents, and (in more limited circum-
stances) gabapentenoids (collectively termed “adjunctive treat-
ments”) for the individual patient.22

It has been suggested that N-of-1 trials might improve
patient outcomes through both biopsychosocial and pharma-
cologic mechanisms. The biopsychosocial pathway may op-
erate through expanded patient participation in care. Previous
research has shown that more active patient involvement may
lead to greater self-efficacy, better adherence to therapy, and
improvement in health outcomes.23, 24 In contrast, the phar-
macologic pathway is hypothesized to work by nudging pa-
tients and prescribers towards medication regimens that are
more effective or better tolerated.
In the Personalized Research for Monitoring Pain Treatment

(PREEMPT) Study, 215 patients with chronic musculoskeletal
pain were randomized to receive care as usual or to participate
in an N-of-1 trial co-designed with their clinician.25, 26 We
recently reported that compared with 107 patients receiving
usual care, the 108 patients randomized to the N-of-1 group
reported better medication-related shared decision-making but
experienced no greater improvement in pain-related impairment
at 6 months.26 However, that report did not include more
recently obtained medical record data on analgesic prescribing
at baseline and 6 months follow-up. In the current study, we
examined electronic health records of the 190 patients who both

granted us permission to do so and who completed 6-month
follow-up, focusing on the extent to which participation in N-
of-1 trials (versus usual care) was associated with changes in
opioid, NSAID, and adjunctive treatment prescribing.

METHODS

The Trialist mobile app reminded patients randomized to the N-
of-1 arm to switch periodically between treatment regimens and
to record pain daily pain-related outcomes. The current report
exploreswhether participation in anN-of-1 trial using the Trialist
app (comparedwith usual care) led to changes in the prescription
of opioids, NSAIDs, and “adjunctive treatments” (defined to
include acetaminophen, gabapentenoids, and topical agents)
over approximately 6 months. Opioids and NSAIDs have
well-described harms—and in the case of opioids, uncertain
benefits—when used for chronic pain. The evidence on effec-
tiveness of acetaminophen, gabapentenoids, and topical agents is
equally uncertain, but safety concerns are somewhat reduced.27–
32 The studywas approved by the Institutional ReviewBoards at
the University of California, Davis (#496804) and the Veterans
Affairs Northern California Health Care System (VANCHCS)
(#13-12-00717). Further methodological details are available in
articles by Barr et al.25 and by Kravitz et al.26

Recruitment of Clinicians and Patients

The study recruited clinicians and patients within the Univer-
sity of California, Davis (UC Davis) Primary Care Network
(PCN), UC Davis Family Medicine Clinic, UC Davis General
Medicine Clinic, and Veterans Administration Northern Cali-
fornia Health Care System (VANCHCS). Clinicians were
recruited through email and in-person presentations. In total,
48 clinicians practicing in primary care settings agreed to
participate including 44 physicians, one nurse practitioner,
two physician assistants, and one clinical pharmacist. Partici-
pating clinicians received limited reimbursement for their
extra study-related time.
Patients visiting participating practices with a chronic mus-

culoskeletal pain diagnosis (as identified by scanning adminis-
trative records for appropriate ICD-9 diagnostic codes) within
the past 6 months were sent a letter describing the study and
inviting them to participate. Patients contacting the study office
(n = 1092) were screened for eligibility over the telephone;
medical eligibility was confirmed with the patient’s primary
clinician. All participants were English-speaking, 18–75 years
of age, owned an eligible smartphone or tablet, and experi-
enced chronic musculoskeletal pain rated 4 or higher on at least
one item of the pain intensity, enjoyment of life, and general
activity (PEG) scale.33 Treating clinicians confirmed that the
patient had pain potentially amenable to treatment with acet-
aminophen, nonsteroidal anti-inflammatory drugs (NSAIDs),
low-dose (short-acting) opioids, a complementary/alternative
treatment such as massage or meditation, or a simple combi-
nation of these treatments. Patients were excluded if they had
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limited life expectancy (< 2 years); had treatment for cancer
within the last 5 years; were pregnant or breastfeeding; exhib-
ited evidence of alcohol or drug abuse; had a serious mental
health condition such as dementia, bipolar disorder, schizo-
phrenia, or depression with active suicidality; or had failed five
or more analgesic medications.
Of 1092 patients assessed for eligibility, 732 did not meet

inclusion criteria, 145 were eligible but not randomized, and
215 were randomized (108 to the intervention group, 107 to
control) (Fig. 2). Chart abstraction was completed for 190
patients (97 intervention, 93 control). Charts were not abstract-
ed for 25 patients either because they failed to provide HIPAA
authorization (n = 11) or withdrew or were lost to follow-up
prior to 6 months (n = 14). A comparison of characteristics of
patients whose medical records were abstracted to those
whose records were not abstracted can be found in Online
Appendix Table 1.
Patients randomized to the control arm received usual care.

Patients randomized to the N-of-1 arm met with their clinician
to co-design a personalized (N-of-1) trial. Both groups com-
pleted surveys at 0, 3, 6, and 12 months.
Patients randomized to the N-of-1 group worked with their

clinician to select (on a desktop computer in the clinician’s
office) two regimens for comparison from 8 treatment catego-
ries1: acetaminophen2; any nonsteroidal anti-inflammatory
drug3; acetaminophen/codeine4; acetaminophen/hydrocodone5;
acetaminophen/oxycodone6; tramadol7; complementary/
alternative treatments such as massage, meditation, or physical
exercise; or8 current ongoing therapy (or no therapy).19, 20 Short-
acting opioids were included as options because they are in
common use in primary care and because it was believed that
some patients might benefit from eliminating them.2

In the N-of-1 arm, the treatment regimens to be compared
(e.g., treatment A and treatment B) could be single agents (e.g.,
acetaminophen) or combinations (e.g., acetaminophen plus
tramadol). Trials could be structured to compare treatments
between categories (e.g., acetaminophen vs acupuncture) or
treatments within category (e.g., massage vs yoga). Patient-
clinician dyads also chose the duration of each treatment period
(2 weeks when the comparison involved opioids; 1 or 2 weeks

when the comparison did not involve opioids), the number of
paired comparisons (2, 3, or 4), and the start date. Trials could
last 4, 6, 8, or 12 weeks. For example, in an N-of-1 trial
comparing tramadol (regimen A) with tramadol plus acupunc-
ture (regimen B), the patient might be assigned to anABBAAB
schedule with each period lasting 2 weeks; thus, the total trial
duration of this hypothetical trial would be 12 weeks.
Trial parameters were sent to the Trialist system (an open

source mobile application, supported by a server-based “back-
end”) on the patient’s mobile device. The system randomly
chose a counterbalanced treatment sequence; alerted the patient
when to begin each treatment; and sent a daily questionnaire
asking about pain on average, pain interference with enjoyment
of life, and pain interference with daily activities, as well as 5
potential side effects of treatment (drowsiness, fatigue, constipa-
tion, sleep problems, and cognitive impairment). Details on the
selection criteria for subjects, as well as the functionality of the
Trialist app are available elsewhere.26, 34 Over-the-counter med-
ications were neither regulated nor abstracted in either group.

Patient Characteristics

Patient characteristics (including age, gender, marital status,
race, employment status, education level, experience with mo-
bile devices, and Wi-Fi use) were obtained from self-
administered questionnaires completed at enrollment during
the baseline visit with the study clinician. Pain characteristics
and medical history were abstracted from progress notes, as
well as the “problem list” section of the electronic medical
record. Pain was characterized in terms of location, mechanistic
category (fibromyalgia, mechanical, inflammatory, and/or neu-
ropathic), and numeric severity score (0–10 point scale). Pa-
tients were sorted into categories of “current,” “former,” or
“never/no data” for history of alcohol abuse, prescription drug
abuse, recreational drug abuse, tobacco use, and marijuana use.

Opioid and NSAID Prescription Review

Two co-authors (DO, RC) gathered information on the opioid
and non-opioid analgesics patients were taking at the baseline
visit and at 6-month follow-up. For follow-up care, we searched

Figure 1 General design for participants randomized to the N-of-1 arm of the PREEMPT Study. Each patient who was randomized to the N-of-
1 trial arm switched between analgesic regimens at prespecified intervals with the aid of the mobile device application. When the N-of-1 trial
was completed, the data collected throughout the course of the trial was considered along with the baseline measurements taken prior to the

trial and was used for shared decision-making when determining subsequent optimal pain treatment for the patient.
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for evidence of an encounter with the study clinician as close as
possible to 26 weeks from the baseline visit, with an acceptable
range of 20 to 32 weeks. If no primary care progress note or
phone note from the primary care physician existed within the
window, a progress note from any specialtywas substituted. If the
patient had no progress notes or phone notes from any specialty
within the 20–32 week window, the active medication list as of
26 weeks after the baseline visit was used to identify current
prescriptions. We only abstracted information on prescriptions
that were active at the start of the baseline or follow-up visit. For
example, a patient who was taking hydrocodone 1 day prior to
the 6-month visit and ibuprofen 1 day after the visit would be
counted as taking hydrocodone at the time of the 6-month visit.
When dosing was ambiguous, the maximum allowable dosage at
the most frequent interval allowed by the prescription was used.
This calculation is analogous to the method routinely employed
by pharmacies to estimate “days supply” of medication.35

For opioids, abstracted fields included name of medication,
amount per dispensed unit, route of administration, length of
prescription, and number of pills per prescription. At each time
point, morphine milligram equivalents (MMEs) per day were
calculated for patients taking opioids (which included codeine,
hydrocodone, oxycodone, morphine, and tramadol) using the
conversion formulae applied by Von Korff et al.36

For NSAIDs, acetaminophen, and gabapentenoids, ab-
stracted elements included name of the medication, amount
per dispensed unit (in mg or μg), number of units (e.g., pills)
per prescribed dose, maximum frequency per day, scheduled
versus as needed (prn), and route of administration. Topical
NSAIDs such as topical diclofenac were examined separately.
A list of all non-opioid medications that were abstracted may
be found in Online Appendix 2.

Interrater Reliability

Two trained data collectors (DO, RC) independently abstract-
ed information from the same 21 patient medical records.
Overall, there was a high level of agreement between abstrac-
tors, with perfect agreement on the majority of items. Individ-
ual item kappa statistics ranged from 0.70 to 1.0 with an
average reliability (kappa) of 0.97 (See Online Appendix 3
for item-specific kappas). The remaining records were each
coded by one data collector.

Statistical Analysis

Amarginal generalized linearmodel implementedwith generalized
estimating equations (GEE) was used to compare the proportion of
patients in the intervention and control groups taking NSAIDs;

Figure 2 A CONSORT diagram for PREEMPT Study enrollment and inclusion in medical record abstraction. Patients who did not provide
HIPAA authorization were not included in medical records abstraction. Patients who informed study personnel that they no longer wished to
continue in the studywere classified as withdrawals. Patients who could not be located and did not return a survey at the follow-up time point were
classified as “lost to follow-up.” For patients who withdrew or were lost to follow-up prior to 6 months, medical records were not abstracted.
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opioids (with dosing thresholds of > 0 MME/day (indicating any
opioid use), ≥ 20 MME per day, or ≥ 50 MME/day); and “adjunc-
tive medications” (acetaminophen, gabapentenoids, and topicals;
first considered separately, then together). Themodel included fixed
effects for time (baseline or 6 months), study arm (intervention or

control), and an interaction term for time by arm. The interaction
term was estimated as a relative odds ratio (ROR) which assessed
the extent to which changes in analgesic prescribing over 6months
differed between groups. All statistical analyses were performed
using the R software (version 3.3.1; R Foundation).

Table 1 Baseline Characteristics of PREEMPT Study Participants with Medical Record Abstraction by Treatment Group

Characteristic Overall
(N = 190)
n (%)

N-of-1
(N = 97)
n (%)

Control
(N = 93)
n (%)

Age, mean (SD), years 55.4 (11.0) 55.5 (12.0) 55.3 (10.1)
Gender
Male 100 (52.6%) 52 (53.6%) 48 (51.6%)
Female 90 (47.4%) 45 (46.4%) 45 (48.4%)

Marital status
Married/living with partner 128 (67.4%) 67 (69.1%) 61 (65.6%)
Widowed 9 (4.7%) 4 (4.1%) 5 (5.4%)
Separated/divorced 37 (19.5%) 19 (19.6%) 18 (19.4%)
Never married 16 (8.4%) 7 (7.2%) 9 (9.7%)

Race*
White 136 (71.6%) 64 (66.0%) 72 (77.4%)
Black/African American 25 (13.2%) 12 (12.4%) 13 (14.0%)
Asian 12 (6.3%) 8 (8.3%) 4 (4.3%)
Other 17 (9.0%) 13 (13.4%) 4 (4.3%)
Latino/Hispanic 21 (11.1%) 13 (13.5%) 8 (8.6%)

Education
Some HS, no diploma/completed HS or GED 15 (7.9%) 4 (4.1%) 11 (11.8%)
Some college/associate degree/vocational training 94 (23.2%) 50 (51.6%) 44 (47.3%)
Bachelor degree 47 (24.7%) 27 (27.8%) 20 (21.5%)
Master/doctoral/professional degree 34 (17.9%) 16 (16.5%) 18 (19.4%)

Employment
Full time 80 (42.1%) 41 (42.3%) 39 (41.9%)
Part time 15 (7.9%) 7 (7.2%) 8 (8.6%)
Retired/unable/not employed 95 (50.0%) 49 (50.5%) 46 (49.5%)

Site
UC Davis/Primary Care Network (PCN) 103 (54.2%) 52 (53.6%) 51 (54.8%)
Veterans Administration 87 (45.8%) 45 (46.4%) 42 (45.2%)

Tobacco smoking
Current 14 (7.4%) 10 (10.3%) 4 (4.3%)
Former 70 (36.8%) 32 (33.0%) 38 (40.9%)
Never 106 (55.8%) 55 (56.7%) 51 (54.8%)

Alcohol problem
Current (diagnosis of alcoholism or problem drinking, or ≥ 3 drinks/day) 3 (1.6%) 2 (2.1%) 1 (1.1%)
Former 14 (7.4%) 5 (5.2%) 9 (9.7%)
Never 173 (91.1%) 90 (92.8%) 83 (89.3%)

Pain category†

Mechanical 166 (87.4%) 83 (85.6%) 83 (89.3%)
Fibromyalgia* 8 (4.2%) 2 (2.1%) 6 (6.5%)
Inflammatory 4 (2.1%) 3 (3.1%) 1 (1.1%)
Neuropathic 28 (14.7%) 15 (15.5%) 13 (14.0%)

Pain intensity at baseline, mean (SD) 53.5 (5.2) 53.6 (5.4) 53.5 (5.0)
Pain intensity at 6 months follow-up, mean (SD) 51.3 (6.0) 50.5 (6.6) 52.2 (5.2)
Baseline opioid use (any use) 86 (45.3%) 41 (42.3%) 45 (48.4%)
Baseline opioid use, mean MME (SD) 13.3 (28.0) 13.1 (29.9) 13.4 (26.1)
Baseline NSAID use‡ 81 (42.6%) 49 (50.5%) 32 (34.4%)
Active medical diagnoses
Sleep apnea 38 (20.0) 19 (19.6%) 19 (20.4%)
COPD* 9 (4.7%) 7 (7.2%) 2 (2.2%)
History of peptic ulcer disease/GI bleeding past 5 years* 2 (1.1%) 0 2 (2.2%)
Chronic kidney disease (CKD stage III or greater) 8 (4.2%) 6 (6.2%) 2 (2.2%)
Congestive heart failure 7 (3.7%) 5 (5.2%) 2 (2.2%)
Diabetes 36 (19.0%) 21 (21.7%) 15 (16.1%)

Active psychiatric diagnoses
Depression 60 (31.6%) 32 (33.0%) 28 (30.1%)
PTSD 23 (12.1%) 11 (11.3%) 12 (12.9%)
Insomnia 29 (15.3%) 14 (14.4%) 15 (16.1%)
Other anxiety disorder 26 (13.7%) 12 (12.4%) 14 (15.1%)

Concomitant Medications
Benzodiazepines (any dose)‡ 22 (11.6%) 7 (7.2%) 15 (16.1%)
Aspirin or anticoagulant therapy 44 (23.2%) 21 (21.7%) 23 (24.7%)

*Differences between N-of-1 and control group, 0.05 < p < 0.1
†Patients could be classified with more than one category of pain
‡Differences between N-of-1 and control group, p < 0.05
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RESULTS

Baseline Characteristics of Participants

The mean age of participants was 55 years (SD 11); most were
Caucasian (72%) (Table 1). Men and women were nearly
equally represented (53% versus 47%). Fully half of the
participants in the study were not currently working. There
were no substantive differences between intervention (N-of-1)
and control (usual care) groups in terms of demographic
characteristics or average pain intensity at baseline. Interven-
tion patients were more likely to be prescribed oral non-
steroidal anti-inflammatory drugs at baseline and somewhat
less likely to be taking opioids. The majority of patients
experienced mechanical pain. As previously reported, there
were no significant differences in analgesic adherence be-
tween baseline and 6 months in either the intervention or
control group (data not shown).26

Patients who withheld permission to abstract their medical
records or who dropped out of the study prior to 6 months (and
thus withdrew permission de facto) (n = 25) had slightly worse
physical health, were more likely to be VA patients, and were
more likely to have pain categorized as “other/unknown,” but
were otherwise comparable in demographic characteristics
and pain outcomes to patients whose records were abstracted
(n = 190) (Online Appendix 1).

Opioid Use

Among the 97 patients assigned to the N-of-1 group and for
whom medical record data were available, 7 started opioids
during the 6-month follow-up period and 15 stopped

(Table 2). In comparison, among those assigned to control, 5
started opioids and 14 stopped. There was no significant
between-group difference in the relative odds of any opioid
use at follow-up relative to baseline (relative odds ratio [ROR]
1.05, 95% CI 0.61 to 1.80, p = 0.87) (Table 2). Using a thresh-
old of 20MME/day (the equivalent of four 5/325 hydrocodone/
acetaminophen tablets daily), fewer patients reached the thresh-
old and more patients fell below it in the N-of-1 group (5 and 9,
respectively) compared to control (8 and 3, respectively) during
the follow-up period, but the result was not significant (p =
0.07). Very few patients were prescribed 50 MME or more per
day, but results were consistent with those obtained using the
20 MME threshold (ROR 0.50, 95% CI 0.19 to 0.34, p = 0.17).
In an ancillary analysis, mean MME in the intervention group
decreased from 13.1 at baseline to 11.5 at 6 months; the corre-
sponding change in the control group was from 13.4 to 15.5
(difference − 3.73 MME, 95% CI − 8.96 to 1.50, p value 0.16).

Oral NSAID Use

Among 97 patients assigned to the N-of-1 group, 8 started oral
NSAIDs during the 6-month follow-up period and 23 stopped
(Table 3). In comparison, among those assigned to control, 9
started NSAIDs and 9 stopped. The between-group difference
in NSAID prescribing was significant (ROR 0.53, 95%CI 0.29
to 0.97, p = 0.04) (Table 3). The number needed to treat for
deprescribing NSAIDs in one individual was 6.47. Of the 23
patients assigned to the N-of-1 arm and who stopped NSAIDS
between baseline and follow-up, 15 had a clinically significant
(> 3 point) decrease in pain intensity and none had a clinically
significant increase. Of the 9 patients assigned to the control

Table 2 Change Between Baseline Visit and 6-Month Follow-Up in Use of Opioids

Dose
threshold

Group Number Never taking (or
below dose
threshold)*

Continued
taking at or
above
threshold†

Started taking
at or above
threshold‡

Stopped taking
or dropped
below
threshold§

OR
(95%
CI)¶

ROR
(95%
CI)

p
value

> 0 MME N-of-1 97 49 (50.5%) 26 (26.8%) 7 (7.2%) 15 (15.5%) 0.70
(0.47,
1.05)

Control 93 43 (46.2%) 31 (33.3%) 5 (5.4%) 14 (15.1%) 0.67
(0.47,
0.97)

1.05
(0.61,
1.80

0.87

Q 20
MME

N-of-1 97 68 (70.1%) 15 (15.5%) 5 (5.2%) 9 (9.3%) 0.79
(0.51,
1.22)

Control 93 66 (71.0%) 16 (17.2%) 8 (8.6%) 3 (3.2%) 1.36
(0.92,
2.00)

0.58
(0.33,
1.04)

0.07

Q 50
MME

N-of-1 97 90 (93.8%) 4 (4.1%) 1 (1.0%) 2 (2.1%) 0.82
(0.43,
1.59)

Control 93 84 (90.3%) 4 (4.3%) 4 (4.3%) 1 (1.1%) 1.66
(0.79,
3.47)

0.50
(0.19,
1.34)

0.17

MME milligrams morphine equivalent, OR odds ratio, CI confidence interval, ROR relative odds ratio
*Never taking: patients not taking an opioid medication (or taking below the given dose threshold) at both baseline and 6 months
†Continued taking: patients taking an opioid medication at or above the given dose threshold at both baseline and 6 months
‡Started taking: patients not taking an opioid medication at baseline visit (or taking below the given dose threshold), but taking medication at or above
the threshold at 6 months
§Stopped taking: patients taking an opioid medication at baseline visit (or taking above the given dose threshold), but not taking medication (or taking
below the dose threshold) at 6 months
¶OR refers to comparison within group of baseline vs. 6 months
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arm and who stopped NSAIDs, pain intensity outcomes were
available for 8, of whom 3 had a clinically significant decrease
in pain and 2 had a clinically significant increase.

Adjunctive Medications

Throughout the study, more patients used gabapentoids than
either acetaminophen or topicals (Table 3). Comparing the N-
of-1 and control groups, there was no significant difference in
use of adjunctive medications over time, whether considered
collectively (ROR 1.28, 95% CI 0.72 to 2.28, p = 0.39) or
examining acetaminophen, gabapentenoids, and topicals sep-
arately (p = 0.36, 0.23, and 0.30, respectively) (Table 3).

DISCUSSION

In the treatment of chronic non-cancer pain—most of which is
musculoskeletal in origin—some 5 to 8 million Americans are
taking opioids, while 37 million are taking non-aspirin
NSAIDs.37–41 When used for this indication, opioids and
NSAIDs have limited effectiveness and well-defined adverse
effects.1, 6, 42, 43 Nevertheless, many patients starting these
agents for acute painful conditions continue them, and some

misuse them.6, 44 We conducted the current study to determine
whether participation in an N-of-1 trial could alter the likeli-
hood that a patient would be prescribed opioids or NSAIDs
6 months from baseline compared with usual care. We also
assessed whether some patients might add or switch to “ad-
junctive” medications with a better or at least different safety
profile. We found that N-of-1 trial participation was associated
with no change in adjunctive medications, significantly de-
creased NSAID prescriptions relative to controls, and a 42%,
statistically non-significant, reduction in the odds of being
prescribed at least 20 mg equivalents of morphine daily.
Twenty MME per day is an arbitrary cutoff that may indicate
regular daily opioid use rather than as needed (“prn”) use.
The effect of N-of-1 trial participation on NSAID use is

preliminary and requires confirmation in larger studies but may
have implications for improved analgesic prescribing. While
NSAIDs provide effective analgesia for many patients with mus-
culoskeletal pain, they are associated with gastrointestinal bleed-
ing, nephrotoxicity, and exacerbations of congestive heart failure,
so interventions that reduce their use may enhance patient safe-
ty.42, 45–47 Given the large number of patients worldwide taking
non-aspirin NSAIDs regularly, even a modest reduction in
NSAID use could result in thousands of adverse events averted.6

Table 3 Change Between Baseline Visit and 6-Month Follow-Up in Use of NSAIDs and “Adjunctive Medications” (Acetaminophen,
Gabapentenoids, and Topical Analgesics)

Group Number Never
taking*

Continued
taking†

Started‡ Stopped§ OR
(95%
CI)¶

ROR (95% CI) p
value

% taking NSAIDs N-of-1 97 40
(41.2%)

26 (26.8%) 8 (8.3%) 23
(23.7%)

0.53
(0.34,
0.83)

Control 93 52
(55.9%)

23 (24.7%) 9 (9.7%) 9 (9.7%) 1.00
(0.67,
1.49)

0.53 (0.29, 0.97) 0.04

% taking one or more
adjunctive medications

N-of-1 97 53
(54.6%)

27 (27.8%) 9 (9.3%) 8 (8.2%) 1.04
(0.73,
1.50)

Control 93 55
(59.1%)

18 (19.4%) 8 (8.6%) 12
(12.9%)

0.82
(0.52,
1.28)

1.28 (0.72, 2.28) 0.39

% taking acetaminophen N-of-1 97 81
(83.5%)

5 (5.2%) 4 (4.1%) 7 (7.2%) 0.72
(0.36,
1.46)

Control 93 85
(91.4%)

3 (3.2%) 3 (3.2%) 2 (2.2%) 1.21
(0.52,
2.84)

0.60 (0.20, 1.79) 0.36

% taking gabapentenoids N-of-1 97 75
(77.3%)

14 (14.4%) 6 (6.2%) 2 (2.1%) 1.31
(0.90,
1.92)

Control 93 71
(76.3%)

13 (14.0%) 4 (4.3%) 5 (5.4%) 0.93
(0.62,
1.41)

1.41 (0.81, 2.47) 0.23

% using topicals N-of-1 97 81
(83.5%)

7 (7.2%) 6 (6.2%) 3 (3.1%) 1.35
(0.75,
2.41)

Control 93 78
(83.9%)

3 (3.2%) 5 (5.4%) 7 (7.5%) 0.78
(0.34,
1.81)

1.72 (0.62, 4.78) 0.30

OR odds ratio, CI confidence interval, ROR relative odds ratio, OR for intervention group/OR for control group
*Never taking: patients not taking specified medication at both baseline and 6 months
†Continued taking: patients taking medication at both baseline and 6 months
‡Started: patients not taking specified medication at baseline visit, but taking at 6 months
§Stopped: patients taking specified medication at baseline visit, but not taking at 6 months
¶OR refers to comparison within group of baseline vs. 6 months
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Factors associated with a higher likelihood of opioid-related
suicide and/or accidental overdose include history of overdose,
history of substance use disorder, concurrent benzodiazepine
use, and opioid dosages of at least 50 MME/day.48 In our
cohort, relatively few patients were taking ≥ 50 MME/day,
limiting power to observe changes over time in relation to
random assignment (N-of-1 versus control). Further study in
larger samples is needed to determine if the observed trend is
reproducible. If confirmed, this result suggests that participation
in an N-of-1 trial may help selected patients de-escalate their
opioid regimens before they become intractably dependent.
We can imagine four possible mechanisms by which

participation in N-of-1 trials may have resulted in less
NSAID use and perhaps in less opioid use. The most
straightforward explanation is that N-of-1 participants
learned that NSAIDs and/or opioids were either less
effective or associated with more side effects than they
had previously suspected, and they requested or agreed to
take an alternative regimen.49 The second possible expla-
nation is biopsychosocial: patients participating in N-of-1
trials may have developed closer relationships with their
treating clinicians, leading them to embrace their clini-
cian’s advice to stop or curtail opioids or NSAIDs.50

Third, it is possible that patients participating in N-of-1
trials become more self-aware and thus experienced pain
in a different way. Finally, by utilizing the Trialist app,
patients in the N-of-1 group may have acquired greater
insight about alleviating and aggravating factors affecting
their pain, which in turn permitted them to make adjust-
ments to their treatment regimens on their own. This
hypothesis is indirectly supported by patient interviews
emphasizing the perceived value of self-management
from the app’s tracking functions.26, 51

This study employed a strong randomized design but
also has several limitations. The sample size was modest,
limiting the ability to detect small to moderate effects.
Although our analysis adjusted for baseline imbalances in
the proportion of patients taking NSAIDs, the much higher
baseline prevalence of NSAID use within the N-of-1
(intervention) group compared with control may have been
associated with other, unmeasured confounders. In addi-
tion, the statistically significant decrease in NSAID use
among the intervention group may simply reflect regres-
sion to the mean. Detail on adherence (such as pill counts)
would have allowed us to estimate doses of analgesics
actually ingested, but these data were unfortunately not
available. In the opioid analysis, the 20 MME cutoff, while
clinically defensible, was not pre-specified, underscoring
the preliminary nature of the results. Over-the-counter an-
algesic use was neither regulated nor monitored among
study participants. Finally, the study was conducted in
one geographic region, potentially limiting generalizability.
In this study, we found a significant decrease in

NSAID use among chronic musculoskeletal pain patients
randomized to participate in an N-of-1 trial (without a

concomitant increase in reported pain) along with a po-
tentially important (but not statistically significant) reduc-
tion in moderate opioid use (defined as ≥ 20 MME/day).
However, additional research is needed to develop more
robust evidence on the ability of N-of-1 trials to help
patients transition away from medication regimens for
which the putative benefits are counterbalanced by pos-
sible harms.
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