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Abstract

Background: N-of-1 trials promise to help individuals make more informed decisions about treatment selection through
structured experiments that compare treatment effectiveness by alternating treatments and measuring their impacts in a single
individual. We created a digital platform that automates the design, administration, and analysis of N-of-1 trials. Our first N-of-1
trial, the app-based Brain Boost Study, invited individua sto compare theimpacts of two commonly consumed substances (caffeine
and L-theanine) on their cognitive performance.

Objective: The purpose of this study is to evaluate critical factors that may impact the completion of N-of-1 trialsto inform the
design of future app-based N-of-1 trials. We will measure study completion ratesfor participants that begin the Brain Boost Study
and assess their associations with study duration (5, 15, or 27 days) and notification level (light or moderate).

Methods: Participantswill be randomized into three study durations and two notification levels. To sufficiently power the study,
aminimum of 640 individuals must begin the study, and 97 individuals must complete the study. We will use amultiple logistic
regression model to discern whether the study length and notification level are associated with the rate of study completion. For
each group, we will a'so compare participant adherence and the proportion of trials that yield statistically meaningful results.
Results:. We completed the beta testing of the N1 app on a convenience sample of users. The Brain Boost Study on the N1 app
opened enrollment to the public in October 2019. More than 30 participants enrolled in the first month.

Conclusions: To our knowledge, thiswill bethefirst study to rigorously evaluate critical factors associated with study completion
in the context of app-based N-of-1 trials.

Trial Registration: Clinical Trials.gov NCT04056650; https://clinicaltrials.gov/ct2/show/NCT04056650
International Registered Report Identifier (IRRID): PRR1-10.2196/16362

(JMIR Res Protoc 2020;9(1):€16362) doi: 10.2196/16362
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Introduction

Background

The purpose of this study isto evaluate factors that may impact
study completion and adherence in the context of app-based
N-of-1 trials. A common challenge for digital research studies
is the poor engagement of users [1]. The “law of attrition,” as
Eysenbach described it in 2005, is of special concern to
app-based N-of-1 studies. Unlike a conventional, two-arm,
randomized controlled trial (RCT) where a minimum sample
sizeiscalculated to detect atreatment effect that also takesinto
account an expected rate of attrition across the enrolled
population, N-of-1 trials operate at the level of the individual,
and there is 1 participant per trial. Typically, in an N-of-1 trial,
an individual alternates between treatments (ie, “multiple
crossover”), and outcomes are measured during each treatment
period [2,3]. If there is attrition and the participant fails to
complete an N-of-1 trial, thereis no result for that individual.

Moreover, if a participant completes an N-of-1 trial, the result
may dtill fail to achieve a level of statistical meaningful ness,
especialy for shorter trial durations. In this way, any person
that aims to design an N-of-1 tria that is capable of informing
decision-making for treatment selection for asingle individual
must strike the right bal ance between the ease of trial completion
and the generation of meaningful results. Therefore, we aim to
collect evidence about critical factors that may impact rates of
study completion in the context of app-based N-of-1 trials. We
hope these findings will inform the design of future app-based
N-of-1 trials and improve the adoption of N-of-1 methods and
tools.

N-of-1 Trials

N-of-1 trials create an opportunity for individuals to optimize
treatment selection more systematically. In contrast, “therapy
by trial” isamore common practicein both wellnessand clinical
medicine and iswhere individual s begin a therapy and monitor
outcomes, often without much formal structure. If a treatment
is deemed ineffective or introduces intolerable treatment
burdens, a change to the treatment is made. N-of-1 trialsare an
alternative approach designed to help individuals make more
objective, data-driven treatment choices.

Usually, in an N-of-1 trial, an individual alternates between
treatments, and outcomes are measured during each period [2,3].
Where feasible, treatments may be blinded or
placebo-controlled. Outcomes are measured at baseline and
each treatment period. At the end of the trial, outcome
measurementsfor each treatment are compared, and atreatment
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is selected. N-of-1 trials are particularly relevant in contexts
where evidence for treatment efficacy is weak or where
treatment response is known to vary across patient populations
[2]. N-of-1 trialsmay al so be deployed to answer other common
treatment questions, such as optimal dosage or whether a
symptom is associated with a treatment’s side effects [2]. In
what is considered alandmark paper for modern N-of-1 trials,
Guyatt and colleagues applied this methodology to compare
two treatmentsin asingle patient with uncontrolled asthmaand
discovered that one treatment made the patient feel worse[4,5].

N-of-1 trials are not useful in every treatment context.
Treatments with rapid onset and minimal washout are ideal
candidates for N-of-1 trials, whereas curative treatments or
treatments with cumulative effectiveness (eg, antidepressants)
are not. N-of-1 trials are suitable for individuals with chronic
or stable conditions. For example, one might compare melatonin
versus herba tea for chronic insomnia, and another might
compare the effectiveness of two topical creams for persistent
acne[2].

Hypotheses

The primary hypothesis is that shorter trials will have higher
rates of completion compared to longer trials. The null
hypothesisisthat no correlation exists between study completion
and study duration. We also hypothesize that higher rates of
study completion will be achieved with more frequent reminders
to complete study tasks, in the form of app-based notifications,
especialy since the Brain Boost Study requires participants to
compl ete tasks during a specific window of time each day during
thetria. The null hypothesisisthat no correlation exists between
study completion and notification level.

Methods

Study Setting

All study activities are conducted through the N1 app, a
smartphone iOS app distributed via the Apple App Store. We
will primarily recruit participants via social mediaand through
messages to online communities where there is documented
interest in the topics of nootropics, supplements, medical
science, or health technology. The informed consent process
takes place remotely through the app, as described elsewhere
[6]. Participants may contact the study staff at any time via
email with questions or concerns. We have a designated health
care professional on the study team to follow up on
participant-reported, health-related concerns that are related to
their participation in the Brain Boost Study. Participant flow
through the study is described in Figure 1.
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Figure 1. Participant flow through the Brain Boost Study using the N1 app. E-consent: electronic consent.
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Eligibility Criteria

Adults aged 18 or older who have an iPhone running iOS 11.0
or later, consume caffeine, and live in the United States are
eligibleto enrall in the study. Exclusion criteriainclude anyone
with reason to believe that consuming caffeine may be harmful
totheir health, are pregnant, or are breastfeeding. If aparticipant
is unsure about whether they have a health issue that prevents
them from consuming caffeine, they are advised to consult their
doctor but are still eligible for the study.

Study Design

This study aims to evaluate a novel platform for conducting
single-patient, multiple crossover studies (N-of-1 trials). For
purposes of clarity, this protocol describes our methodsto assess
factors associated with study completion, along with several
exploratory measures and analyses. The study design,
interventions, cognitive assessment instruments, and methods
for evaluating whether there is a detectabl e treatment effect for
anindividual participant enrolledin the Brain Boost Study based
on their performance on the cognitive assessments are described
elsewhere [6]. Participants enrolled in the Brain Boost Study
follow atreatment schedule, guided by amobile app (N1 app),
where they aternate between the two treatments. caffeine
(treatment A) or caffeine combined with L-theanine (treatment
B) during a prespecified window of time. Participants are also
asked to complete an app-based cognitive assessment during a
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prespecified window of time each day. The daily cognitive
assessment includes three separate cognitive tests. the Stroop
Test, the Remote Associates Test, and the Trailmaking Test [6].
They complete their tasks during one baseline period (where
no treatment is assigned), and during four treatment periods
where either treatment A or treatment B is assigned according
to counterbalanced block design. Participants are not
compensated, and the app is free to use. Only after atria is
completed does a participant seetheir results from the cognitive
assessments.

Randomization

The study duration is either 5, 15, or 27 days. Participants will
be randomized into study duration according to the allocation
of 20%, 60%, and 20%, respectively. The uneven alocation to
study duration was chosen out of consideration for the trade-offs
between various study lengths. While we hypothesize that 5-day
study lengths are morelikely to be completed, they areaso less
likely to generate a meaningful result due to the small number
of outcome measures. On the other hand, 27-day studies are
more likely to generate ameaningful result with more repeated
outcome measures, but we hypothesize that they aremore likely
to result in early withdrawal. Allocating more people to the
15-day study is a reasonable compromise between these two
extremes, which is reflected by our decision to alocate more
participantsinto this group while maintaining a sufficient sample
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size for each group to assess our primary outcome measure, as
described below.

Notification level is defined asthe frequency participantsreceive
remindersto complete study tasksandiseither light or moderate.
Participants are randomized into the notification level, such that
50% of participants arein each group. Participants randomized

Table 1. Notification levels for the Brain Boost Study.
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into the light notification group receive two notifications per
day: one reminder to take their treatment and one reminder to
complete the assessment (see Multimedia Appendix 1).
Participants randomized into the moderate notification level
receive 4-5 notifications per day: 2 reminders to take their
treatments and 2-3 remindersto complete their assessment (see
Table 1).

Notification level Treatment reminders

Assessment reminders

Light « Attreatment time

Moderate . 15 minutes before
o Attreatment time

« At assessment time

o 15 minutes before

« At assessment time

« 15 minutes before the end of assessment
window, only if the assessment isincomplete
at thistime

M easures

The Proportion of Studies Completed

The primary outcome of interest is the proportion of studies
completed. A study is considered complete if a participant
reaches the end of atrial without a study failure (involuntary
withdrawal) or voluntary withdrawal. A study failure occurs
when thereisinsufficient data generated during baseline or any
treatment period due to missed treatments (self-reported) or
incompl ete assessments. Participants must complete al assigned
treatment and assessment tasksfor 1/3 of the daysin each period
to avoid study failure and involuntary withdrawal, except for
the 5-day study where al tasks must be completed each day
because there is only one day per period. For the 15-day and
27-day trids, we inevitably expect participants to miss some
tasks during these periods, so we wanted to alow for some
nonadherence. While the requirement of task completion for
1/3 of the days in each treatment period is somewhat arbitrary,
the choice of 1/3 of the days means that, at a minimum,
completed 15-day trials will at least have the same amount of
data as completed 5-day trialsand are a so likely to have more.
We applied the same criteria to the 27-day trial so that the
criteria for study failure are uniform across al three study
durations. It is aso worth noting that the 3 study lengths are
primarily dictated by our randomized, counterbalanced,
crossover design that definesN-of-1 trials: NABBA or NBAAB,
where N is baseline, A is treatment period A, B is treatment
period B, and AB or BA is ablock. The minimum N-of-1 trial
for acounterbalanced design with two blocksisfivedaysif you
have only one day per treatment period and one day of baseline.

We anticipate that a 27-day trial approaches what is likely to
be the maximum number of days we could expect people to
participate with reasonable adherence for this study, which
requires daily tasks. The 15-day trial splits the difference
between these two extremes. Put another way, we choseto vary
treatment period lengths by one day for the 5-day trial, three
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daysfor the 15-day trial, and five days for the 27-day trial. We
could have selected adifferent design, such astreatment periods
that are 1, 2 and 3 days long rather than 1, 3 and 5 days long
for each group; however, to evaluate the impact of study
durations and notification levels on completion rates, we
reasoned it would be better to have a more extensive spread
across the three groups.

Adherence

Treatment adherence is recorded as true for days when a
participant completes a cognitive assessment and does not report
treatment nonadherence. A participant is instructed to report
any treatment nonadherence (eg, a missed treatment or the use
of caffeine on abaseline day) in the app during thetrial. At the
end of thetrial, participants are prompted to review a summary
of their treatment adherence and may, if necessary, record
missed treatments at this time as well. Assessment adherence
is recorded as true when a participant completes al three
cognitive testsin a daily cognitive assessment according to the
user-specified schedule. Otherwise, assessment nonadherence
is recorded (for both incomplete assessments and assessments
that were not started). Daily adherenceisrecorded astruewhen
aparticipant achieves both treatment adherence and assessment
adherence for a given day during the trial.

We will also measure trial adherence, which is defined as the
proportion of total actions completed by a participant during a
trial. Here total actions are defined as the number of requested
treatment actions (to take a treatment or abstain from all
treatments) plus the number of requested assessment actions
(take acognitive assessment) during atrial. During the baseline
period, participants take two actions per day in the form of
abstaining from treatments and completing one cognitive
assessment. During a treatment period, participants take two
actions per day in the form of taking one trestment plus
completing one cognitive assessment. The total number of
actionsrequested, and the minimum number of actionsrequired
for each study duration are outlined in Table 2.
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Table 2. Total number of actions requested, and the minimum number of actions required for each study duration.

Study duration Total number of actions requested Minimum number of actions required to avoid study failure
5-day study 10 10
15-day study 30 10
27-day study 54 22

Motivation and Notification Levels

Before the trial begins, we will ask participants to self-report
their mativation level to learn their results on a 5-point ordinal
scale (see Multimedia Appendix 2). Also, participants will be
randomized into two notification levels (light or moderate).
However, since Apple does not allow iOS apps submitted to
the App Store to require that users allow app natifications, we
will aso record the number of participants that turn off
notifications. We anticipate that the number of individuals that
turn off notifications will be rare, in part due to a warning
message we included as a modal in the app that discourages
this behavior, dueto the likelihood of failure to complete study
tasks according to the user-specified daily schedule (see
Multimedia Appendix 1).

Proportion of Trials That Yield Statistically Meaningful
Results

For each study duration, we will also measure the proportion
of completed N-of-1 trials that yield statistically meaningful
results as determined by the N1 app, for the comparisons: (1)
caffeine versus baseline; and (2) caffeine plusL-theanine versus
baseline. As described elsewhere, the N1 app considers atrial
to haveyielded a statistically meaningful result if the coefficient
of treatment effect is significantly different from zero at the
80% confidence level in at least one of the three cognitive tests
(eg, if taking caffeine relative to baseline, with or without
L-theanine, produces an effect on cognitive performance
measured by at least one of the three cognitive tests) [6]. The
80% confidence level is arbitrary, and we anticipate future
versions of the N1 app will allow individuals to select the
confidence level they seek.

Exit Survey

We will aso invite enrolled participants to provide feedback
about the N1 app and the Brain Boost Study through an optional

exit survey administered at the time of study completion, during
voluntary withdrawal, or at study failure viaan automated email
with a link. The anonymous survey will not be linked with
individual user accounts. The exit survey includes a modified
version of the 2-item Usability Metric for User Experience
(UMUX-Lite) and up to 15 optional questions related to the
participant experience with the app and the study (see
Multimedia Appendix 3) [7]. The survey will be conducted in
abrowser outside of the N1 app.

Bug Reports and App Crashes

We will record the number of software bug reports submitted
anonymously by users through a third-party tool linked from
insidethe N1 app. Wewill also record the number of app crashes
recorded from those users who have opted-in to share their
diagnostics and app usage information with app developersin
App Store Connect, an administrative platform for managing
and monitoring i OS apps submitted to the Apple App Store[§].

Other Collected Data

We collect sex (male, female, other) and year of birth (YYYY).
For each participant in atrial, we will also timestamp planned
and compl eted actions, and record the following dates: planned
trial start and end dates, dates of adherence and nonadherence
(treatment and assessment adherence), and dates of early
withdrawal or completion.

Power and Sample Size

The study will be sufficiently powered (>80%; apha=0.05) if
640 individuals begin the study, are randomized into 3 study
lengths (5, 15, or 27 days) according to arandomization percent
allocation of 20%, 60%, 20%, and achieve rates of completion
of 30%, 20%, and 10%, respectively (see Table 3).

Table 3. The minimum number of participants we aim to enroll in each study duration.

Study duration Randomization allocation (%) Participants who begin study  Estimate of completion rate  Participants who complete
Q) (%) study (n)

5-day study 20 128 30 38

15-day study 60 384 20 7

27-day study 20 128 10 13

Total 100 640 60 128

For the sample size estimate, the Hsieh sample size correction
for multiple logistic regression was used, which assumes
correlation among covariates and therefore adjusts the sample
size accordingly [9]. We estimated this correlation to be equal
to 0.25. With these assumptions, 97 completed studies are
required to discern whether the study length and notification
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level are associated with the rates of study completion. To
estimate how precise we may be, we used sample size tables
for each predictor (see Multimedia Appendix 4).
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Data Analysis Plan

Primary Analysis

All study data, unless otherwise noted, will be collected through
the N1 app, and stored in Health Insurance Portability and
Accountability Act (HIPAA)-compliant cloud storage. Statistical
analyses will be conducted primarily using R version 3.6 (The
R Foundation, Vienna, Austria). Wewill useamultiplelogistic
regression model to discern the relationship between study
duration and notification level with the proportion of studies
completed among participants who begin a study. Participants
who begin a study are defined as those who achieve both
treatment adherence and assessment adherence for at least one
day during the baseline period. Participants that do not begin
the study will be removed from the analysis. We will adjust
theseresultsfor any variance in completion rate by age and sex.

Exploratory Analyses

We will also use descriptive statistics to summarize measures
collected in the Brain Boost Study. We will compare the
proportion of studies completed and trial adherence across the
six groups of participants (three study durations and two
notification levels), removing from this analysis anyone that
turned off notifications. We will also compare the proportion
of completed trialsthat are deemed by the N1 app to demonstrate
a meaningful difference in treatment response on any of the
cognitive tests, across the three study durations.

We aso want to learn about the factors that influence the
measure of trial adherenceto improve future study designs. We
will use Bayesian methods for exploratory analysis to get a
baseline for future analyses, which we expect will also use
Bayesian methods of analysis. The exploratory analysis will
utilize a Bayesian survival-style model with semicompeting
risks throughout the study. It will be assumed that a participant
isin the study up until the time of study completion, voluntary
withdrawal, or involuntary withdrawal (ie, study failure). Daily
adherence will be assessed among all participants in the study
on a given study day. There will be two types of events
considered: (1) daily nonadherence, as anonterminal repeating
event; and (2) early withdrawal (including both voluntary
withdrawal and involuntary withdrawal due to study failure) as
aterminal (nonrepeating) event. The daily rate of nonadherence
and early withdrawal will be modeled as a Poisson processwith
the rates impacted by several covariates, including study day
(number of days since the start of the study, estimated with a
random walk prior), notification level (light versus moderate);
self-reported motivation level (5-point ordinal scale), day of
the week (if distinguishable from study day), and
subject-specific shared frailty term.

The cumulative probability of early withdrawal can be used to
estimate the inverse probability of study completion. Also, the
daily rates of adherence can be used to improve study design
for future participants, depending on self-reported motivation
and subject-specific characteristics. Asin the primary analysis
of the study completion rate, we will additionally adjust this
analysis of adherence for age and sex.

https://www.researchprotocol s.org/2020/1/€16362
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Results

Platform Development and Testing

We have completed extensive internal testing of the N1 app, as
well as beta testing on a convenience sample of 12 users. We
did not collect completion rates or adherencefor the betatesters
because the app was still under development at the time that
testing was performed. We iteratively improved the N1 app
over the past two years through more than 75 builds until we
achieved a stable release and a feature set suitable for launch.

Ethics Approval

Thelnstitutional Review Board at the |cahn School of Medicine
a Mount Sina has approved this study (IRB-18-00343,
IRB-18-00789).

Enrollment

The Brain Boost Study on the N1 app opened enrollment to the
public in October 2019.

Discussion

Primary Findings

The N1 App aims to facilitate the design, administration, and
analysisof N-of-1trials. The Brain Boost Study will bethefirst
experiment available on the platform that is open to the public.
As a wellnessrelated study that evaluates the effect of
commonly used supplements on cognitive performance, this
study also provides an opportunity to socialize N-of-1 methods
to much broader audiences. Whilethefirst intentionally designed
crossover treatment trial datesto thelate 1700sand N-of-1 trials
like how we conceive of them today have been practiced for
decades, adoption remains low [10-12]. Opportunities for the
public to apply these methods to their treatment dilemmas are
similarly scarce outside of alimited number of clinical settings
with expertise in the design, administration, and analysis of
N-of-1 trias.

Digital tools, like the N1 app, provide a promising new avenue
for making N-of-1 trials more accessible. However, many
challenges remain, especially around participant engagement
and adherencein app-based research [ 13]. Sustained engagement
of participants has been elusive for many digital health studies
to date. In apooled analysis of 8 app-based digital health studies
representing over 100,000 participants, 850,000 study days, and
3.5 million app-based tasks, the median time participants
engaged in the study during the first 12 weeks was only 5.5
days, and the median time participants performed active tasks
wasonly two days[14]. To deploy an effective app-based N-of -1
trial, one must reconcile many trade-offsthat span study design,
technology, and user characteristics. To our knowledge, this
will be the first study to rigorously evaluate multiple factors
associated with study completion and adherence in the context
of app-based N-of-1 trials. One other app-based N-of-1 trial
platform has recently evaluated usability and user acceptance
of an app in the context of pain-related N-of-1 trials [15,16].
Our findings should be of significant interest to practitioners
seeking to design N-of-1 trials using similar methods and tools
to support data-driven treatment choices.
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Strengths and Limitations

N-of-1 trials are designed as for-benefit trials that promote
informed decision-making among individuals that participate
in them [3]. As such, this study of factors that influence study
completion in the context of N-of-1 trials is unlikely to be
generalizable to other types of digital health studies (eg,
observational studies, RCTs) where there is no likelihood of
personal benefit. However, insights from this study may apply
to future triadls in the N1 app and other app-based N-of-1 trial
platforms.

The N1 app was designed to beflexibly adapted to other N-of-1
trials that, by definition, will share a few common elements,
including notifications to keep a participant on track with a
schedule of alternating treatments and regular outcome
measures. We anticipate that even within app-based N-of-1
trials, there may be marked differences in adherence and
completion rates depending on the nature of the trial and the
characteristics of the target population, such as the magnitude
of decisiond conflict anindividual confrontsrelated to treatment
selection or the nature and severity of the underlying health
condition, respectively. Moreover, the number and difficulty
level of actionsrequestedin an N-of-1tria islikely toinfluence
completion and adherence rates. The collection of outcome
measures through the integration of apps, devices, or wearables
that reduce the number of actions required of an individual to
completein app-based N-of-1 trial isan areawhere digita health
research may defy the law of attrition and isapromising future
direction.

This protocol requires participants to record treatment
nonadherence, rather than to record treatment adherence
positively. This choice was made to reduce the number of daily
actions required of participants under the assumption that a
participant is likely to complete a daily cognitive assessment
only inthe circumstance where atreatment wastaken according
to schedule. Since the results of the cognitive assessment are
hidden until the completion of the trial, a participant does not
stand to benefit by taking a cognitive assessment for reasons
that are outside the purpose of the trial.

Bobeet d

We anticipate that most participants will schedule their
treatments at the beginning of the day since caffeine
consumption is a typical morning ritual. This represents two
challenges for participant engagement that may not be
generalizable across other N-of-1 trials. First, a recent survey
of eight app-based digital health studies observed the highest
levels of engagement in the evening [14]. Second, the act of
abstaining from caffeine consumption for the duration of the
baseline period may be perceived as a significant challenge for
some individuals in a manner that may be altogether absent
were we to be running atrial that compares two treatments of
adifferent nature.

The estimation of completion rates in the total enrolled
population for each study duration is a challenge becauseit not
only depends on factors being evaluated in this study but also
on recruitment and user characteristics that are uncontrolled
outside of very permissiveinclusion/exclusion criteriathat focus
on the safety of caffeine consumption. The novelty of app-based
research, for example, may attract people that are more curious
about the app or methods than they are committed to learning
their results, which is why we included the question about
motivation level as an exploratory measure. For example, one
recent app-based research study on asthma experienced very
high initia recruitment followed by rapid attrition and a small
number of highly engaged participants [17]. The relationship
between intrinsic motivation and trestment adherence has been
examined elsewhere, such as long-term antiretrovirals for
HIV/AIDS, weight loss, and various public health initiatives
that involve behavior change [18].

One limitation of the collection of only minimal demographic
information is that we will not be able to determine if the
enrolled study population is representative of the general
population outside of age and sex, which will limit the
generalizability of our results. The most extensive study to date
on retention in digital health studies showed a relationship
between age and retention, with ol der populations having higher
retention than younger participants [14]. They observed no
relationship between sex and retention [14].
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