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Abstract

Conventional parallel group randomized controlled clinical trials (RCT) in Alzheimer’s disease
(AD) are too large, long, expensive and insensitive to clinical change to meet the urgent need for
an effective treatment. While providing good evidence for a treatment’s benefit, parallel group
RCTs in AD must have very large samples and broad measures of change to accommodate the
marked heterogeneity of demographics, genetics, symptoms, pathophysiologies, comorbidities and
rates of progression. Multi-crossover, placebo-controlled, double-blind RCTs, including those with
sample sizes as small as a single subject (“N-of-1"), are robust designs wherein subjects serve as
their own controls in repeated blocks of randomly sequenced crossover treatments.
Heterogeneities are inherently controlled and the sensitivity, specificity and clinical relevance of
outcomes can be enhanced further by including personalized outcome measures for each
individual. Multi-crossover N-of-1 RCTs enable unbiased estimation of efficacy for single
subjects, and joint analysis of multiple N-of-1 trials enables estimation of efficacy for populations
with much smaller sample sizes than those needed in conventional parallel group studies. It is
important to identify carryover effects and natural history time trends to achieve unbiased
estimation and testing of the treatment effect. We assert that in AD, multi-crossover RCTs offer
many advantages over standard parallel group trials for drugs or other treatments with suitable
mechanisms of action, pharmacokinetics and pharmacodynamics; despite the fact that they are
almost never conducted. They may be especially useful for therapies directed at symptomatic
improvement of cognitive and neuropsychiatric symptoms, but also can be used in early phase
studies of disease modifying treatments with biomarker outcome measures.

Introduction

The US Congress’s National Alzheimer’s Project Act and nations around the world have the
ambitious goal to prevent and effectively treat Alzheimer’s disease (AD) by 2025.1 Progress
towards this goal however remains at a standstill. The most recent drug approval for AD was
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memantine in 2002/3 (Europe/US) and this very modestly beneficial medicine along with
the more widely prescribed, but similarly modest, earlier-approved cholinesterase inhibitors
constitute the current pharmacopeia indicated for AD.2 In the last 15 years many promising
drugs for both symptom alleviation and disease modification have failed, some spectacularly
so in late phase trials.3-8

AD is a complex neurodegenerative disease driven by heterogeneous pathophysiologies in
vicious cycles of proteinopathies, inflammation, metabolic and neurovascular derangements
leading to synaptic dysfunction and neuronal death.®-14 Insidious, progressive dementia is
the clinical manifestation of these processes whose cumulative effects evolve over years
before and after onset of clinical symptoms.1> The complexity of AD’s biology and protean
clinical features present many challenges, but also many entry points for affecting the
disease and its symptoms.

Progress towards achieving an effective prevention or treatment for AD is, at least in part,
mired in lumbering clinical trials. Today’s trials often are built on narrow mechanistic
concepts of AD, failing to accommodate the heterogeneous pathophysiological and co-
morbid drivers of the dementia syndrome. Commonly used outcome measures are broad and
noisy. Meaningful changes in AD’s variable symptoms and rates of progression can get
washed out amidst “good days and bad days” with infrequently acquired cognitive
assessments. There continue to be few biomarkers or other surrogate markers that are
validated, sensitive, specific and informative for diagnosis, staging and progression, disease
mechanisms or even therapeutic target engagement.16-19 Overcoming these limitations to
demonstrate effectiveness in conventional parallel group randomized controlled trials (RCT)
usually requires sample sizes of hundreds to thousands and long commitments from patients
to detect a difference from control conditions, especially for disease modifying treatments.
Such trials cost hundreds of millions of dollars.

In conventional parallel group RCTs, eligible participants are randomly assigned to one of
two or more comparison groups and the primary and secondary endpoints are compared
between groups. The well-designed study provides a good estimate of a drug’s effect of
interest in the average patient — whether positive or null -- and is the most common design
by far for evidence in the regulatory approval process for common diseases. The relevance
of results to real world patients however, may be constrained by often narrow eligibility
criteria and the exclusion of subjects with common co-morbidities, concurrent medications,
too mild or too severe disease or other factors that might coarsen group responses. It has
been noted that the average RCT excludes three quarters of potential participants and
ultimately enrolls only 10% of all candidates with the disease of interest.29 Such stringency
in eligibility is particularly common in today’s clinical trials research in AD. Highly focused
eligibility criteria may boost the signal to noise ratio for a medicine if responders are
correctly targeted, but their external validity can be questioned for the large percentage of
patients not enrolled. Paradoxically, they may miss detecting a signal because subgroups for
which the medicine might have helped were unwittingly excluded. Sample sizes also need to
be very large when treatment effects are modest. This makes them almost impossible in rarer
AD-related dementias such as dementias with Lewy Bodies or frontotemporal lobar
degenerations.
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Challenges of recruiting and screening thousands of participants to fill the large, hyper-
selective samples of today’s pivotal clinical trials in AD and retaining them for years is
among the most difficult, time consuming and expensive aspect of a study.?! This is
especially true in the current era of trials that require PET scans for amyloid or tau to
determine eligibility. Hundreds of diverse sites around the world, each recruiting a handful
or two of subjects to achieve sample size, are logistically managed by a complex
multivendor infrastructure struggling to maintain a semblance of uniformity of protocol. To
this burden is added the “broken” funding, regulatory, and training envrionment.16

Definition of Multi-Crossover “N-of-1” Randomized Controlled Trials

An open label single patient “trial” is the general practice of clinical medicine. A
practitioner reasons that a particular medicine will benefit their particular patient, prescribes
it, and then patient and provider gauge the response after an adequate period of time. The
patient serves as their own control. Of course, such trials are rarely conducted systematically
and are confounded by many biases, especially placebo effects for both patient and provider.
As case reports in the medical literature, they constitute anecdotes at a low level of medical
evidence.

More rigorous formulations of single patient trials, so-called N-of-1 trials, have been
conducted and discussed since the 1950s.22-27 As defined by the Consolidated Standards of
Reporting Trials (CONSORT) extension for reporting A-of-1 #rials (CENT) 2015 statement,
28 an N-of-1 trial is “an experimental clinical design to determine the effect of an
intervention in a single study participant,” in which they undergo several blocks of
crossovers between the experimental treatment and control condition and the relative
response in each block is assessed. When rigorously conducted with appropriately selected
treatments, pre-specified doses, durations and placebo washouts of each treatment, blinding,
repeated blocks, randomized sequences of treatments in each block and systematically
applied outcome measures, a multi-crossover N-of-1 RCT is a robust design that provides an
unbiased estimate of effect for a single participant. Some consider such a study as Level 1
evidence, on par with systematic reviews of conventional parallel group RCTs.29 Guyatt and
others have also shown how multi-crossover N-of-1 RCTs can be valuable in clinical
practice to demonstrate benefit of a prescribed treatment for a given patient, or in the
absence of benefit, to de-prescribe a medicine and spare side effects, iatrogenic risk and
expense.24 30, 31

When N-of-1 RCTs employ the same treatment, trial design and outcome measures in
multiple subjects, the data can be combined easily and analyzed to obtain an estimate of the
treatment’s effect in the condition more generally. With subjects serving as their own
controls, many sources of bias (heterogeneity, co-morbidities) that mandate large sample
sizes in parallel group RCTs are automatically controlled and statistical power is increased
greatly.
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Design of Multi-Crossover Randomized Controlled Trials

The essential design elements of multi-crossover RCTSs are repetition, randomized block
sequence assignment, blinding, and systematic outcomes measurement.32 The treatment, its
doses, and the durations of each treatment and washout periods are pre-determined based on
the drug’s pharmacokinetic and pharmacodynamic properties and natural history of the
disease. A trial consists of a series of blocks (e.g., experimental treatment “A” versus
placebo treatment “B”), whose sequence (AB or BA) is randomly assigned, with or without
counterbalancing. Multi-crossover RCTSs are described as especially practical for drugs that
provide symptomatic benefit in a chronic condition, have rapid onsets of action with short
half-lives and quick cessation of biological activity after withdrawal to avoid carryover
confounding.33 However, they may be useful even in the presence of carryover effects, with
accommodations in placebo washout durations and analyses.

Repetition and Block Sequence Assignment

Blinding

Parallel group RCTs seek comparability of groups by randomized assignment to
experimental treatment or control/placebo conditions. Multi-crossover RCTs seek
comparability through repeated exposures to experimental and control/placebo treatment
conditions in randomized sequence. A single crossover, AB or BA, compares two treatments
in one or more subjects but is vulnerable to both random and systematic errors. Examples of
random errors include fluctuations in the measurement of the outcome, as well as other
unmeasured factors such as diet and sleep, seasonal changes or other health conditions that
arise. Repeating blocks attenuates the effects of random error. Systematic errors include
predictable features of the disease and the drug, such as disease progression, carryover
effects or treatment-by-time interactions. Blocks that are short in length relative to natural
progression and carry-over of the drug temper the effects of systematic error.

As seen in Figure 1, a trial with two treatments has two types of blocks, meaning that a
three-block N-of-1 trial has eight possible treatment sequences. But even with randomization
of block type, care must be taken to protect against bias of time-dependent or non-linear
confounders. For instance, a regularly ordered design such as AB-AB-AB might be affected
by carry-over effects or other factors. On the other hand, a partially counterbalanced design
such as AB-BA-AB offers some protection against this. In multi-crossover RCTs with fewer
block repetitions, i.e., three or four, random assignment to one of the sequences with
counterbalancing may be preferred. With more block repetitions and a large sample size,
randomization alone would suffice. More repetitions provide greater statistical power for
determining the superiority of one treatment condition over another of course, but their
implementation must be weighed against the practical matters of trial duration and
complexity, participant retention, cost, and natural time trends in the disease course.

Placebo effects for study participants and outcomes ascertainment bias for investigators are
major biasing factors in all clinical trials, but especially so for dementias in which inexact
and subjective cognitive, psychological and daily functions are used as primary outcomes.
For multi-crossover N-of-1 RCTs, as for conventional parallel group RCTs, it is important
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that participants and study personnel are blinded to treatment. This may not be possible for
some interventions, e.g., behavioral interventions, but some blinding, at least for staff
members measuring outcomes, is usually possible. Randomized sequences of treatments
within blocks may make blinding more likely.

Outcome Measures

Multi-crossover N-of-1 RCTs can employ a full range of measures, from simple subjective
rating scales and questionnaires to standardized clinician rating instruments, computerized
cognitive or neurological assessments, wearable and passive monitoring technologies,
biochemical and imaging biomarkers and health care utilization statistics. Of special
importance are assessment strategies and tools that are robust for repeated measures. A run-
in period allows the participant to become fully familiar with an assessment prior to baseline
assessment and allows appraisal of the inherent variability of the measure in the participant
prior to baseline assessment. Validated cognitive tests with alternative but equivalent
versions of stimuli can be used, e.g., different word lists for memory testing. Or, a study can
incorporate very frequent assessments or even continuous monitoring using innovative
wearable or other passive ecological assessment technologies (see below).

A major advantage of multi-crossover N-of-1 trials is their adaptability for personalized
outcomes, while rigorously controlling for subject-specific features. Along with
standardized outcome measures, a multi-crossover N-of-1 RCT can readily customize
assessments, enriching with measures of the participant’s most distressing symptoms or
troublesome functional deficits based on their illness, severity stage or personal goals.

Adaptive Extensions in the Multi-Crossover N-of-1 Design

A natural extension of the N-of-1 design is to utilize a stopping rule for each subject that
would pre-define criteria for stopping the trial in that subject as soon as sufficiently strong
evidence in favor of treatments A or B or of their practical equivalence emerges. Like those
used in standard parallel comparison RCTs, this stopping rule would preserve the type |
error for each subject and would guarantee pre-selected operating characteristics. This
approach recognizes heterogeneity across patients, even if not understood a priori through
patient features, and allows the data to automatically select subgroups that respond to
particular drugs or not. At a second level, another stopping rule could monitor the
experience of each subject and enable the overall trial of multiple N-of-1 trials to stop if
there is sufficient population-level evidence in favor of A or B or their equivalence.
Development of these designs remains for future research.

Analysis of Multi-Crossover Randomized Controlled Trials

The basic data of a multi-crossover N-of-1 RCT are the measurements obtained in two or
more different treatment conditions occurring repeatedly over time. The principal goal is to
compare outcomes for each condition within a randomized block structure while
accommodating repetition within subjects and possible effects of carryover or disease
progression. Statistical methods used in multi-crossover N-of-1 RCTs include visual
inspection of outcomes, aggregated t-tests, mixed effects longitudinal modeling and
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Bayesian analysis. These are well considered by Schmid, Duan and the DeCIDE Methods
N-of-1 Guidance Panel.34 Similar, but more complex mixed effects longitudinal models
could accommodate carryover effects and time trends in settings in which the block lengths
are longer than temporal effects and so they are not washed out in the comparison of
treatments within blocks.

The benefit of a treatment for a single patient can be inferred from a multi-crossover N-of-1
RCT; however, the generalizability of observations in any single subject for others is limited.
Analyzing multiple multi-crossover N-of-1 RCTs together is an efficient approach to
estimate treatment benefit at the population level. Multiple multi-crossover N-of-1 RCTs of
similar design and outcome measures can be analyzed to reveal the characteristics of
patients most likely to respond to the treatment and experience side effects. Such analyses
can adaptively instruct subsequent trial designs. Approaches for combining individual
treatment effects from multi-crossover N-of-1 RCTs include summary and individual
participant data meta-analysis, repeated-measure models, Bayesian hierarchical models and
single-period, single-pair, and averaged outcome crossover models.35-38 One recommended
approach uses multi-level random effects models in which intra-individual and inter-
individual variances of block-specific treatment effect estimates are included, along with
patient-level characteristics such as demographics, co-morbidities, or other factors that may
be important. This approach can generate an overall mean treatment effect for the population
studied. Network meta-analysis models also have been proposed and are flexible in their
inclusion of all the pairwise comparisons into a single model for simultaneous estimation,
even when specific designs or even treatment comparators differ between trials.34 3940 A
simple approach for continuous data is to reduce the data to the within-block differences
between treatments and to model them as the sum of a subject specific term (also called the
treatment by patient interaction) and an error term; the differences are assumed independent
across blocks within subjects and between subjects. The subject specific treatment effects
are assumed to follow a normal distribution with a certain between-subject variance.*!
Which approach to use will depend on many factors, but especially important are the number
of trials to be combined, the extent of missing data, and the particular characteristics of the
multi-crossover N-of-1 trials, such as number of repeated blocks and within patient
heterogeneity of outcome measures and between patient variances.

Multi-Crossover N-of-1 Randomized Controlled Trials in AD Research

To our knowledge, there have been only two multi-crossover RCTs conducted in the
Alzheimer’s field, both several decades ago. Jotkowitz found no benefit of physostigmine in
a single-blind trial in which the drug was administered to ten patients in multiple crossovers
over a period of ten months.#2 Molloy et al. described three randomly ordered double-
blinded crossover cycles of tetrahydroaminoacridine vs. placebo in 34 AD subjects and
found no drug benefit for cognition, function or behavior in the 22 completers.#3 An inquiry
in PubMed.com (03/10/18) using key words of Alzheimer’s and either “N-of-1" or
“crossover” yielded no additional studies in which N-of-1 or group RCTs with more than a
single crossover could be discerned. In a search of Clinicatrials.gov (11/24/17), of 912 drug,
dietary supplement or biological intervention clinical trials in ADRD since 1993, 648 are
parallel group RCTs and 66 list crossover as their intervention model, while 198 are single
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group, uncontrolled, open label or otherwise indeterminate. None could be discerned to use
a multi-crossover design.

Efficiency Considerations for Multiple Multi-Crossover N-of-1 versus Parallel Group RCTs
in AD Research

Multi-crossover N-of-1 RCTs can provide very large increases in statistical power for
demonstrating treatment effects in cognition, although at the expense of a longer
participation for each subject and the assumption of stable treatment effect over time. To
model the relative efficiencies of multi-crossover N-of-1 versus parallel group RCTs for
symptomatic benefit in AD, we used data from a recent single crossover study of metformin
versus placebo.*4 In this pilot study of MCI and early dementia due to AD, participants were
randomly assigned to receive either placebo or drug for eight weeks and then crossed over to
drug or placebo for eight weeks respectively. Using the data for change in the Montreal
Cognitive Assessment (MoCA)*° over eight weeks in the placebo group to estimate within
and between subject variance terms, if the true treatment effect were to increase MoCA by 1
point, the 80% powered parallel group study requires 575 subjects and 16 weeks, while an
N-of-1 study with 3 crossover blocks requires 39 subjects (total of 39x2x3=234 tests and 48
weeks). So, the multi-crossover RCT requires 6% of the subjects and 41% of tests but 300%
of the study time per participant. If the true treatment effect is to increase MoCA by 2 points
in 30% of people, the average effect is 0.6 points and the 80% powered parallel group study
requires 1591 subjects, while the N-of-1 with 3 blocks requires 104 subjects (total of
104x2x3=624 tests). The multi-crossover design requires 6.5% of the subjects and 39% of
tests.

Multi-Crossover N-of-1 RCTs for Symptomatic Treatment in AD

Cognitive and functional symptoms in AD are progressive, but slowly s0.46-50 The relative
stability, at least over reasonably short periods of time such as a year, make AD an
appropriate condition for evaluating symptomatic treatments in multi-crossover RCTSs.

“Cognitive enhancer,” “nootropic,” and “smart drug” are terms for drugs with cognitive
function as their major target. Cholinesterase inhibitors and memantine, various
psychostimulants, and a host of unproven dietary supplements and other drugs are in
common use for symptomatic treatment in AD and other cognitive disorders.?1-54 There are
also many investigational drugs in various phases of development for symptoms of AD and
other cognitive impairment disorders.1” Some examples include a—7 nicotinic receptor
modulators, 5SHT2A and 5HT6 serotonin receptor antagonists, inhibitors of various
phosphodiesterases (PDE), p38MAPK inhibitors, AMPA receptor modulators, glycine
transporter-1 inhibitors, GABA neurotransmission inhibitors, voltage-gated sodium channel
modulators, and H3 histamine receptor antagonists. Aside from drugs, there is also interest
in neurostimulation, exercise and other behavioral and somatic interventions for cognitive
enhancement. Multi-crossover RCTs may be an efficient way to identify the most promising
treatments in relatively small sample size studies, winnowing out those with no beneficial
effects or de-risking future development of those showing promise in larger RCTs for
regulatory approval.
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Thoughtful consideration of carryover and potential disease-modifying as well as
symptomatic effects of the drug, and natural disease progression in statistical analyses are
critical. Treatment periods must be tailored to a drug’s pharmacokinetics and
pharmacodynamics. For instance, an intervention like methylphenidate has a relatively rapid
onset and cessation of action for symptoms. A trial of methylphenidate might be designed
with weekly crossovers of drug and placebo in three or more randomly sequenced blocks,
with the entire trial taking six weeks. A different example might be a PDEA4 inhibitor, which
augments the cCAMP - protein kinase A - cCAMP response element-binding protein (CREB)
pathway to enhance memory consolidation via gene transcriptional changes and synaptic
modification. Such drugs might be expected to have slower onset with greater carryover. A
symptomatic multi-crossover trial for a PDE4 inhibitor might be designed with three blocks
of two months of active treatment alternating with two or three months of placebo washout
in each block, and thus take twelve to fifteen months to complete.

Personalized Extensions in the Multi-Crossover N-of-1 Design

Because participants serve as their own controls, multi-crossover N-of-1 RCTs allow latitude
and creativity in outcome measures. Common cognitive batteries (e.g. RBANS®®) can be
complemented with custom-selected measures based on a participant’s disease severity or
cognitive profile. “Designer” outcome measures can be employed to target cognitive,
behavioral and functional impairments that are most meaningful to the individual. With mild
cognitive impairment for instance, a driving reaction time and navigation game may be used
with someone for whom driving is interesting or valued. Bridge may be an enjoyable leisure
activity for another, and so daily performance in tablet-based games might reveal treatment-
associated changes over the different periods.

Along with standard functional assessment instruments (e.g., FAQ®8 or ADCS-ADLY’) at
the end of each treatment period, a multi-crossover N-of-1 RCT for AD might incorporate
innovative daily personal functional outcome measures spanning widely differing levels of
severity or interests. Kaye and colleagues have compellingly argued for high frequency
ecological outcome measures with actimetric, biometric and other pervasive computing
assessment technologies to gauge disease progression and treatment effects.>® 59 These are
especially well-suited for multi-crossover RCTSs. For instance, passive monitoring of
duration and type of computer usage or even keystrokes can be informative as measures of
memory, attention, speed of processing, motor coordination and dexterity, as well as apathy
and social engagement.

Neuropsychiatric symptoms are common contributors to dysfunction and distress in AD,
including apathy, anxiety, agitation, depression, psychosis and sleep disturbances.5% They
are complex, with heterogeneous neurobiological, cognitive and environmental/psychosocial
contributions and diverse manifestations. For example, agitation may be manifest as pacing
in one person, constantly packing a suitcase in another, or attempting to leave the house in
another. These could be tracked with well-established instruments like the Neuropsychiatric
Inventory®1 or Cohen Mansfield Agitation Inventory,52 but adding more personalized
outcome measures such as actigraphy, sensors on a suitcase or sensors on doors in the house
might offer greater sensitivity, specificity and objectivity for measuring symptom frequency,
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intensity and change with intervention. Apathy might manifest as physical inertia in one
person, lack of interest in family and friends in another or lack of interest in sports in
another. N-of-1 RCTs for apathy could include personal outcomes like actigraphy, phone
usage records for outgoing phone calls or tracking sports-oriented TV and website usage,
along with standard apathy rating instruments.

Personalized assessments can sensitively demonstrate meaningful effects of a treatment at
the individual level. Multiple N-of-1 trials with diverse outcome measures could then be
combined through various approaches to demonstrate efficacy in the disease more generally.
At the simplest level, data from binary classification of personalized outcomes -
improved/not improved - in each block for each participant could be combined, or more
sophisticated meta-analytic approaches for Z-scores, such as multi-level random effects
models, can be applied in which responses occurring at different levels of a data hierarchy
are used in a single model.

Potential Role of Multi-Crossover N-of-1 RCTs for Disease Modification Effects

Prevention or slowing of clinical dementia in AD with disease modifying treatments are not
practicable outcomes for N-of-1 RCTs with multiple crossovers and relatively short
durations for each block. This is due both to AD’s slow and variable progression as well as
the types of biological interventions that seek to permanently alter disease activity.
Theoretically, one could design a study in which the duration of both treatments A and B in
a block are each a year long, and AD progression rate is measured for cognition and
function, hippocampal or cortical atrophy, or topographical spread of tau pathology with tau
PET imaging. However, a three-block trial would take six years to complete and be
complicated by the non-linear progression of AD (i.e., different treatment effects at different
points in time), as well as other random and non-random factors that are difficult to control
for with repetitions and/or analytical solutions, including carryover, unpredictable illnesses,
major life events, or aging itself.

On the other hand, multi-crossover N-of-1 RCTs with repeatable biomarker outcomes can be
useful in gauging target engagement of potential disease-modifying drugs. Functional MRI
measures of perfusion, activation and network connectivity or EEG-based measures of
event-related potentials and spectra may be dynamically responsive to a disease-modifying
treatment. Emerging ultra-sensitive immunoassays in blood may be useful for measuring
CNS-specific proteins reflecting AD pathology.53 For instance, repeated lowering of plasma
levels of tau or phospho-tau with active drug but not placebo would provide evidence of a
drug’s ability to modify disease pathology in a single participant. On the other hand, some
biomarkers would be impractical or difficult in a multi-crossover trial, like cerebrospinal
fluid biomarkers obtained via lumbar punctures with their procedural risks and low
acceptability, or PET scans of tau, amyloid-p or inflammation with their radiation exposure
and expense.

Conclusions

The need for new, effective treatments for AD is urgent. Reducing the number of
participants required for a well-powered study using novel clinical trial designs is an
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efficient way to accelerate progress, as recruitment and screening are among the most time-
intensive and costly activities in a clinical trial program. Multi-crossover N-of-1 RCTs are
robust designs in which heterogeneities are automatically controlled. When standardized
outcome measures are used, data can be combined to estimate group level effect sizes. The
design also allows flexibility for adaptive modifications and personalized outcomes that may
enhance sensitivity, specificity and clinical relevance of a treatment’s effects. Such designs
can be especially useful in Phase Il for new and re-purposed drugs, with subsequent
“graduation” of the drug to more conventional, larger trial designs for regulatory agency
marketing approval. While biomarkers or other surrogate endpoints would be typically used
in the early phase trials, Phase 111 or other pivotal trials for approval would likely use clinical
endpoints. From the participant’s perspective, the design is attractive as exposure to the
experimental treatment is guaranteed and not subject to chance via randomization. At the
end of the trial, the data for treatment benefit, or lack thereof, for each individual can be
shared, perhaps providing guidance for their ongoing care. However, the overall time and
effort commitment to the trial for each subject will usually be greater than a conventional
parallel group study.

While our focus here has been AD, we advocate that this design has wide applicability in
other chronic and/or slowly progressive neurological disorders, including epilepsy, migraine,
long-term residual deficits post-stroke and traumatic brain injury, Parkinson’s disease and
others (see Table 3, Lillie et al??). The suitability of a multi-crossover trial design for a given
treatment depends on a variety of factors, particularly the drug’s pharmacokinetic and
pharmacodynamic properties, the precision and sensitivity of outcome measures, and the
natural course of AD progression. For many investigational treatments in AD, these factors
can be managed by design with adequate placebo washout periods and biostatistical methods
that accommodate carryover, frequent outcome measures and changing baselines. Multi-
crossover N-of-1 RCTs can play a valuable role in building the evidence base for
investigational drugs and other treatments for AD.
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Screening for General Eligibility and Inclusion
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Data Analysis and Multiple N-of-1 Meta-Analysis

*Regularly ordered sequences are more vulnerable to temporally linear and/or non-linear trends
compared to sequences with some counterbalancing

¢ = Major outcome assessment at baseline and after each treatment period
V = Personalized or frequent outcome assessments
Figure 1:

Three-block Multi-crossover N-of-1 Randomized controlled Trial of Active Treatment “A”
vs. Comparator placebo “B” in Alzheimer’s Disease

Ann Neurol. Author manuscript; available in PMC 2019 August 29.



	Abstract
	Introduction
	Definition of Multi-Crossover “N-of-1” Randomized Controlled Trials
	Design of Multi-Crossover Randomized Controlled Trials
	Repetition and Block Sequence Assignment
	Blinding
	Outcome Measures
	Adaptive Extensions in the Multi-Crossover N-of-1 Design

	Analysis of Multi-Crossover Randomized Controlled Trials
	Multi-Crossover N-of-1 Randomized Controlled Trials in AD Research
	Efficiency Considerations for Multiple Multi-Crossover N-of-1 versus Parallel Group RCTs in AD Research
	Multi-Crossover N-of-1 RCTs for Symptomatic Treatment in AD
	Personalized Extensions in the Multi-Crossover N-of-1 Design
	Potential Role of Multi-Crossover N-of-1 RCTs for Disease Modification Effects

	Conclusions
	References
	Figure 1:

