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Perspective: Application of N-of-1 Methods in
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Personalized and precision nutrition aim to examine and improve health on an individual level, and this requires reconsideration of traditional
dietary interventions or behavioral study designs. The limited frequency of measurements in group-level human nutrition trials cannot be used to
infer individual responses to interventions, while in behavioral studies, retrospective data collection does not provide an accurate measure of how
everyday behaviors affect individual health. This review introduces the concept of N-of-1 study designs, which involve the repeated measurement
of a health outcome or behavior on an individual level. Observational designs can be used to monitor a participant’s usual health or behavior
in a naturalistic setting, with repeated measurements conducted in real time using an Ecological Momentary Assessment. Interventional designs
can introduce a dietary or behavioral intervention with predictors and outcomes of interest measured repeatedly either during or after 1 or more
intervention and control periods. Due to their flexibility, N-of-1 designs can be applied to both short-term physiological studies and longer-term
studies of eating behaviors. As a growing number of disease markers can be measured outside of the clinic, with self-reported data delivered via
electronic devices, it is now easier than ever to generate large amounts of data on an individual level. Statistical techniques can be utilized to analyze
changes in an individual or to aggregate data from sets of N-of-1 trials, enabling hypotheses to be tested on a small number of heterogeneous
individuals. Although their designs necessitate extra methodological and statistical considerations, N-of-1 studies could be used to investigate
complex research questions and to study underrepresented groups. This may help to reveal novel associations between participant characteristics
and health outcomes, with repeated measures providing power and precision to accurately determine an individual's health status. Adv Nutr
2021;12:579-589.
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Introduction

N-of-1 studies, in which patients are studied on an individual
level, have been used in medical research for over 100 years
(1). However, in the intervening time, research on a group
level has largely been favored, often through analyses of
data from randomized controlled trials (RCTSs) or repeated
crossover trials. The goal of an RCT is typically to see if
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1 intervention (whether that be a drug, diet, or behavioral
intervention) performs significantly better than another
intervention or placebo/control by beneficially affecting
a health outcome on a group level. Yet, it is generally
accepted that not all individuals respond to diets, foods,
or supplements in the same way (2), and responses on the
individual level are not able to be accurately identified from
a standard RCT (3).

An example of a result from a randomized, parallel-arm
nutrition study is shown in Figure 1 below, in a study where
202 healthy participants aged 40-65 years completed one
of three 12-wk dietary interventions (4). The figure shows
systolic blood pressure (SBP) changes after consuming: I)
refined-grain products (control diet); 2) wholegrain wheat
products; and 3) wholegrain wheat and oat products (4).
Although there are statistically significant reductions in SBP
after both types of wholegrain consumption at a group level,
there is also a large variation in responses within each group,
including in responses to the refined-grain control diet. This
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FIGURE 1

Distribution of difference in SBP between the start and end of a 12-wk intervention across 3 dietary intervention groups

(n = 202): two wholegrain interventions ["whole wheat" (n = 71) and “whole wheat + oats” (n = 68)] and a control group not provided
with whole grains ["refined” (n = 63)]. The dashed lines represent a mean reduction in SBP by intervention group. Data from a study by
Tighe et al. (4) were obtained from Frank Thies (University of Aberdeen). SBP, systolic blood pressure.

highlights the fact that there is a large degree of random
variability between successive measurements, both within
and between participants. Indeed, biological and analytical
variability together can be greater than 50% for some clinical
outcomes (5), meaning it can be difficult to ascertain whether
a particular participant really responded to the treatment,
particularly on the basis of a single measurement before
and after a study (3). Furthermore, participants with a
particularly high or low value at baseline are more likely to
show a greater change away from this value, representing
a regression to the mean effect (6). However, within an N-
of-1 design, a disease marker can be monitored repeatedly,
both with and without nutrition intervention. This provides
a measure of both the variability of a disease marker and
consistency of a participant’s response to an intervention (7).

What is an N-of-1 study?

N-of-1 studies are designed to measure or observe 1 person
multiple times, with repetition providing statistical power
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(8). There are 2 broad classes of N-of-1 studies, both of
which could be usefully applied to research questions within
human nutrition, as shown in Figure 2. Observational N-
of-1 studies monitor a participant over time and do not
introduce a treatment or intervention. During the period
of study, multiple measurements or observations are taken,
which could include measurements of a disease marker,
behavior, or mood (8). Alternatively, N-of-1 studies can
include 1 or more intervention periods. There are many types
of interventional N-of-1 designs, depending on the aims of
the study. For example, a single intervention period can be
sandwiched between 2 observation periods (an ABA design)
or 2 different treatments could be repeatedly assigned in a
randomized fashion. Both can investigate the variability of
treatment responses on an individual level, with the latter
able to identify which treatment may be better for that person
(9, 10).

An N-of-1 study necessarily works with time-series data
from collecting repeated measurements over time (11). In
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FIGURE 2 Overview of an N-of-1 study. To examine a participant on an individual level, an N-of-1 study can be employed; this can take
the form of an observational or interventional design. Both forms enable collection of multiple measurements to provide power for

statistical analysis.

an N-of-1 trial, autocorrelation between successive data
points—that is, that a given measurement will tend to be
similar to 1 or more measurements preceding it—must be
controlled for (12). While outcomes can show temporal
trends, such as periodicity and seasonality effects (13), if an
intervention is included within an N-of-1 study, its effects
on an outcome can also vary with time. For both dietary
and behavioral interventions, it will take time from the
start of the intervention for the outcome to be maximally
affected; similarly, any effects are likely to remain for some
time after the intervention has been withdrawn (carry-
over effect), meaning the inclusion of washout periods may
be necessary (12). Several statistical analysis approaches
can be used to account for these effects and to determine
whether an intervention has led to significant changes in
an outcome on an individual level. One such technique
is dynamic modelling, where lagged variables are included
within a regression model to control for the effect of the
past on a given measurement (11). Information on other
analysis approaches, such as Bayesian inference, can be found
elsewhere (12).

A strength of dynamic modelling over other time-series
methods is that it can adjust for autocorrelation by including
the response from more than 1 past occasion within a model
(e.g., 7 days before), not just the 1 immediately preceding it;
this has been shown to lead to better model estimates (11).
Dynamic modelling can be applied to the analysis of both
observational and interventional N-of-1 designs, as time-
varying covariates can be included in a model to highlight
the presence or absence of an intervention, as well as the
inclusion of covariates depicting exogenous conditions that
vary necessarily (e.g., day of the week) and endogenous
conditions that vary at the individual level (e.g., hours of
sleep). Just as with a standard regression model, the type
of dynamic model applied will depend on the nature of

the outcome; for instance, a continuous outcome like blood
pressure would necessitate linear dynamic regression, while
a binary outcome such as consumption (yes or no) of a
particular food would utilize logistic dynamic regression
(11), provided relevant statistical assumptions are met.

If the goal of an N-of-1 study is to understand a treatment
response or behavior on an individual level only, measures
can be adapted to suit the needs of the participant and the
interest of the researchers (11). This means N-of-1 studies
can be tailored to the individual level: for instance, through
designing and delivering individually tailored questionnaires
(14) or by adapting a treatment regimen over time depending
on how the participant responds to different interventions
(15). Participants are likely to retain interest in a study
where the measures are adapted to them (8) or where they
are aware that the results will be applied to delivering a
targeted treatment regimen for them in the future (16). This
is a further strength of N-of-1 designs, as low compliance
and dropouts are often an issue within group-based studies
(17). N-of-1 designs can therefore be highly flexible and
may be used to address a potentially limitless number of
research questions (8). Conversely, if the same experimental
design is followed, multiple N-of-1 studies can be aggregated
to determine group-level effects. This has the benefit of
requiring a lower number of observations to achieve the same
statistical power as traditional group designs (such as RCTs)
(1, 9), meaning N-of-1 designs could help save researchers
time and resources (9). For participants that are recruited,
resources can be used to study each person in more detail
and over a longer time frame. Aggregation of N-of-1 studies
can be useful for determining whether the results obtained
are generalizable, given multiple N-of-1 studies with the same
measures have been undertaken (11).

In this review, both observational and interventional N-
of-1 studies will be discussed, with a consideration of how

N-of-1 methods in nutrition research 581



different N-of-1 designs can be applied to nutrition research,
particularly within the growing fields of personalized and
precision nutrition.

Current Status of Knowledge

Observational N-of-1 studies in nutrition

Observational N-of-1 studies are used to measure an indi-
vidual’s health, behavior, or feelings over time, without the
introduction of a treatment or intervention (8). This means a
single observation period is typically used, in contrast to an
interventional design that may alternate treatment and ob-
servation (control) periods, or 2 or more different treatments.
During the period of observation, repeated measurements of
behavior or health can be collected in a naturalistic setting,
such as via Ecological Momentary Assessment (EMA). EMA
enables the collection of real-time data, minimizing the
retrospective recall bias that can occur if asking participants
to recall their feelings or actions some time afterwards (8).
This can include behavioral assessments (e.g., questionnaires
via smartphone) (18), as well as objective markers of health
that can be collected away from a research center, such as
continuous glucose monitoring (19) or measuring activity
via wrist-worn devices, which can also monitor heart-rate
or sleep patterns (20). Examples of recently published and
ongoing N-of-1 studies in nutrition, including several with
physiological measurements, are shown in Table 1.

Through an observational N-of-1 study, sufficient mea-
surements need to be collected to identify change patterns
on an individual level, with the number of repeated measure-
ments representing the sample size of the study (11). This
contrasts with traditional observational studies, which aim
to investigate population-level trends by following a group of
participants over time, with measurements over fewer time
points. With an observational N-of-1 study, trends on an
individual level are investigated by following individuals for
longer periods and taking more frequent measurements. It
has been shown that for analysis approaches such as dynamic
modelling, 50 measurements are enough for estimating
model parameters with precision (11); this can help inform
both the measurement frequency and the total length of
the study. However, the length of a study can be extended
beyond this minimum period. Provided a participant is
happy to continue with the study, when appropriate, further
information will provide a more accurate representation of
their behavior or health status. This approach was used in
a study examining physical activity, where each participant
extended the data collection period beyond the minimum
2 months (up to 7 months) (20). If the goal of the research
is to understand the individual factors associated with
beneficial behavioral patterns or improved health outcomes,
a larger amount of data will provide greater insight into the
participant’s usual behavior (8).

Depending on the nature of the study and the outcome
of interest, it may be appropriate for participants to collect
measurements several times a day for a short-term study;
this was carried out in a week-long study that investigated
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the relationship between snacking, physical activity, and self-
regulation (21). For longer studies, the measurement burden
could lead to lower compliance, meaning collecting data a
single time each day may be more appropriate. Several N-
of-1 studies have shown good levels of compliance to daily
monitoring over several months (20, 22).

As observational N-of-1 studies employ frequent assess-
ments/measurements over extended periods, such studies
would be useful for understanding patterns in a participant’s
usual behaviors. EMA could be used for collecting ecolog-
ically valid data on a participant’s eating and purchasing
behavior, for example. Due to advances in technology, it
is now easier for participants to provide such data, and
therefore remain compliant to such studies. For example,
a large precision-nutrition study recently had participants
photograph foods to assess their dietary intake (23). Within
an N-of-1 study, such a method could be combined with
a questionnaire delivered to a participant’s mobile device
on their motivations for choosing the corresponding foods
(e.g., taste, health, etc.), for instance. This methodology
could improve compliance by reminding participants to
record information, thereby yielding accurate estimates of
energy intake, while simultaneously examining variation in
a participant’s motivations to consume different foods. By
asking the participant to provide responses shortly after
buying or consuming foods, a more accurate picture of their
everyday motivations and how these vary over time can be
gathered, compared with using a retrospective questionnaire
(24).

As mentioned previously, it is also possible to measure
several objective markers via EMA. In the context of an
observational study, this could be used to see whether a
participant’s usual eating or other health behaviors are as-
sociated with improvement or worsening of variable disease
markers that can be measured remotely. For example, an
assessment of habitual diet could be used to identify those
foods that lead to high postprandial glucose levels (23), while
variations in sleep duration and quality may be associated
with blood pressure fluctuations (25). Within a precision
nutrition study, the collection of biomarkers can be used to
validate consumption of certain foods or nutrients (17). An
observational study can also be used for monitoring acute
events, known as event-based monitoring (24). A participant
can log an event, such as a headache or allergic response,
when it occurs through an app or paper-based diary; the
relationship between the event and potential explanatory
factors can then be examined. This would help to reveal the
dietary or environmental factors that may trigger such an
event.

A drawback of EMA is that it necessitates the use of
particularly motivated participants, who may be healthier or
more engaged with their health as compared to others with
shared characteristics (26). However, several features of EMA
can motivate high levels of compliance. For example, phone
reminders can be used to remind participants to measure
their blood pressure, for instance, which could be timed
together with other measures, such as a questionnaire, to
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The number of N-of-1 trials within the field of nutrition is small, highlighting the novelty of N-of-1 designs within this field.

'Pattern of observation periods (A) and intervention periods (B).

save time and effort for the participant (24). The times that
data are collected can be modified to suit participants; for
example, a questionnaire prompt could be delivered after
a participant’s normal waking time or they could be asked
to take a finger-prick blood sample 1 hour after their meal.
This can be far more convenient than asking a participant
to show up at a research center at a specified time, which
may alter their usual activities. To prevent any biases in
behavior by delivering prompts at exactly the same time
each day, prompting at a random time within an interval
(e.g., once any time between 14:00-15:00) can be done to
mitigate this (24). It is also possible to deliver personalized
questionnaires that are especially relevant to the participant
under study (20), which may help retain interest, particularly
if the participant will be informed of their results at the end
of the study or if the results will be applied to improving
the participant’s health (e.g., informing a future dietary
regimen).

It is important for the researcher to consider how repeated
monitoring could influence the behavior under study (24).
This is particularly important if participants are aware of
their measurements or results during the study (e.g., through
use of self-monitoring), which could have an indirect
effect on outcomes and potentially mask the effect of any
intervention(s). This can partly be mitigated by including
an observation period of a sufficient length prior to the
intervention, to give participants a chance to get used to
monitoring and allow any initial changes to their behavior
to revert to normal (8).

Interventional N-of-1 designs

As mentioned previously, there are various N-of-1 designs
that incorporate 1 or more intervention periods. A repeated-
crossover N-of-1 study is a form of interventional design
where an individual is followed over 2 or more “treatment
cycles,” as shown in Figure 3 (1). Each cycle is composed of
at least 2 periods, depending on the number of treatments
or interventions used. The sequence of the periods within
a cycle might be planned a priori or randomized. Figure 3
shows an example of where each of 2 treatments is given once
per cycle, for a total of 3 cycles, in a random order (within-
cycle randomization). This means that there are 8 different
combinations possible, given 3 cycles each with 2 periods
(1). This type of randomization structure is useful if it is
suspected that the treatment effects may be affected by time-
related confounders, as it helps these to be spread evenly
across both treatments (12). Within-cycle randomization
can also be used for comparing the outcome(s) after both
treatments, to determine which intervention performed
better within each cycle (1). Another approach is complete
randomization across all treatment periods, which provides
the benefit of a much higher number of potential random
sequences (20, where 2 different treatments over 3 cycles
are considered); for example, a treatment sequence could be
AABBBA (1). The potential for a poorly balanced design such
as this means use of this type of randomization should be
carefully considered, to ensure the outcome is not affected



Cycle1 Cycle 2 Cycle 3
1 1 1
Period 1 Period 2 Period 1 Period 2 Period 1 Period 2
Option 1 A—>8B Option 1 A——>B Option 1 A——>B
Option 2 B—>A Option 2 B—>A Option 2 B—>A

3 cycles of each treatment randomized over a total of 6 periods

FIGURE 3 Schematic of a repeated-crossover trial with 2 different treatments (A and B). Each treatment is randomized within each cycle,
over n cycles (at least 2). In this example, 8 different randomization sequences are possible.

by time-related confounders; dropouts could also lead to an
uneven number of treatment allocations being completed
(12). With complete randomization, the average effect of
both treatments on the outcome(s) across all cycles would be
calculated and compared, rather than within-cycle outcome
pairs being compared directly.

Within nutrition research, one could employ a repeated-
crossover design as part of a controlled feeding study; for
example, to examine the effect of 2 different calorie-matched
breakfasts on postprandial plasma glucose and triglyceride
levels after 3 or more separate eating occasions. To use this as
an example, a participant could be assessed 6 times over 3 wk,
with each eating period separated by at least 1 day to ensure
no residual effects of the previous treatment on the next,
and with potential confounders monitored and controlled
for (e.g., provision of a set meal the preceding evening, and
other meal intakes reported via a food diary). In Week 1,
breakfast A could be provided on the first occasion, while
breakfast B would be provided on the second. In Week 2, this
order would either stay the same or be swapped (breakfast B,
followed by breakfast A); this would also apply for Week 3.
This would utilize the within-cycle randomization approach,
as both breakfasts would be provided each week in a random
order. In this instance, this would probably be preferable
to the complete randomization approach, as it would allow
for any potential time-related confounders across the 3 wk
to be present across both treatments, which may not occur
for complete randomization (e.g., if the sequence AAABBB
were used, breakfast B would not be presented until halfway
through the second week). An example of such a confounder
would be hormonal effects in female participants, which
can produce differential metabolic effects throughout the
menstrual cycle (32).

In Figure 4, results from 2 hypothetical N-of-1 trials are
shown. Figure 4A shows responses to 2 interventions that
are hypothesized to lower triglyceride levels. The results from
Participant 1 (Figure 4B) show consistently lower triglyceride
values after Treatment B compared with Treatment A within
each cycle, with responses to Treatment A being more
variable, while responses to Treatment B are more stable.
Figure 4B shows that all 3 points lie on the right of the line
of equality, indicating that Treatment B is more effective for
Participant 1 than Treatment A in the context of this study. In
contrast, neither intervention leads to a consistent response
in Participant 2 (Figure 4C), with the average of the 3 within-
cycle comparisons falling on the line of equality. This suggests
that neither treatment is more effective for Participant 2 on
the basis of the 3 treatment cycles undertaken. This approach
can help to reveal both individual patient heterogeneity in
response to treatments and whether there is a clearly “better”
treatment overall, through aggregating results from multiple
N-of-1 trials, if undertaken (1).

A repeated-crossover N-of-1 design could feasibly be
applied to study the response to a longer-term intervention,
such as the effect of 2 alternative nutritional supplements
on a more long-term health outcome. However, this would
require a series of longer treatment cycles, which could
be a considerable burden to a participant. For example,
if each intervention took 8 wk to show a stable effect on
blood pressure (33), with both interventions administered
3 times, this would result in a study of nearly a year in
length. This could potentially lead to patients dropping out
or high rates of noncompliance (i.e., forgetting to take the
supplement). As a goal of N-of-1 research is to improve
compliance, this example could throw the reasoning of doing
an N-of-1 study into question. However, it is possible to
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participant has been assigned to a different randomization sequence: results can still be aggregated and compared between individuals,

as response to the 2 treatments can be compared by cycle. (B) Trigly

ceride levels after Treatment A and B for Participant 1, plotted by

treatment cycle. Within each cycle, triglyceride levels are consistently lower after Treatment B than A, which suggests Treatment B is more

effective for this participant. (C) Triglyceride levels after Treatment A

and B for Participant 2, plotted by treatment cycle. Within each cycle,

there is no clear association between treatment and triglyceride levels. This suggests neither treatment is effective for consistent

triglyceride lowering for this participant.

keep a participant engaged with the study, provided they
felt that their role was valued and that the results could
be directly applied to improving their health (8, 16). As
mentioned previously, an N-of-1 study can employ several
tools to improve compliance, such as personalized measures
and adapting schedules to suit participants. Especially in
the context of a longer study, an important role of the
researcher is supporting participants, particularly if the
researchers are reliant on the participants collecting their
own data or maintaining compliance to an intervention (20).
Depending on the nature of the study, it may be appropriate
for participants to receive feedback or to be reminded that
the more they fulfil the requirements of the study, the more
the results can be applied towards improving their health or
modifying their behaviors in the future.

Repeated-crossover N-of-1 designs are particularly useful
if a researcher is interested in determining the better of
2 interventions for an individual, or even for a group
when aggregating results from several N-of-1 trials (1). For
example, this type of study would be useful in trials of
nutritional supplements, to determine which of 2 combi-
nations of bioactives would be most effective for inclusion
in a supplement. The results from a repeated-crossover
N-of-1 trial can also reveal within-participant response
variability and, if conducted on a number of individuals, can
show whether within-participant variability is greater or less
than the response variability seen between individuals (10).
Indeed, a repeated-crossover N-of-1 trial with analyses on
both the individual and group levels is currently being carried
out in the context of a nutrition trial examining postprandial
glycemic responses to 2 different diets (27).

Alternatively, an adaptive N-of-1 design could be used
with repeated-crossover N-of-1 sequences of a longer
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duration. If it is clear that 1 intervention is superior to another
for a particular individual, this design would deliver that
intervention to the participant more frequently (15). If the
goal of the study is to determine a future diet or treatment
for the participant under study, this type of design can help
reach a conclusion more quickly, saving extra effort for the
participant and time for the researcher (34). For example,
if administering a certain diet led to dangerous increases
in blood glucose in a diabetic patient who was wearing a
continuous glucose monitor, the diet could be terminated
early and the participant could be moved to an alternative
diet, which may help to stabilize blood glucose levels. This
is also a more ethical form of study design, as it prevents
a participant from progressing with any treatment that may
lead to deleterious effects (15).

Therefore, repeated-crossover N-of-1 trials are versatile
and could be applied to both short- and longer-term nutrition
intervention settings. They can be similar to typical, group-
based crossover trials, where single measurements could be
provided at the end of each treatment occasion, with the
difference being that each treatment would then be repeated
at least once (or used to inform an adaptive treatment
regimen). Alternatively, each treatment occasion could be
used to study a participant in more detail, with multiple
measurements of one, or several, outcomes [if appropriate for
the outcome(s) under study] and explanatory variables being
investigated in each period.

Aside from repeated-crossover trials, there are several
other interventional N-of-1 designs that may be useful for
addressing research questions within nutrition research. One
may wish to study the effects of a single food or behavioral
intervention upon 1 or more health outcomes of interest,
and potentially, for how long the health effects continue after



the intervention. For a disease marker that is unstable over
time, such as blood pressure, triglycerides, or glucose, there
may be greater merit in collecting several measurements over
a single intervention period, than collecting (fewer) single
measurements after successive intervention periods. For such
markers, which can vary substantially between successive
occasions, collecting multiple measurements provides a
measure of within-participant variability, which can better
inform whether a clinically relevant change in the outcome
has occurred (35). A single intervention period may be the
only option for an outcome that takes a significant period
of time to show a stable treatment effect, where repeated
intervention and control periods would not be feasible.

As well as measuring an outcome during an intervention,
it is important to repeat any measures of interest with
the same frequency during any observation periods. For
example, an ABA design would involve an initial observation
period (A) for examining the disease marker of interest (and
any other factors) at baseline, followed by an intervention
period (B) and a follow-up period (A) during which the
intervention was withdrawn (8). The length of each period
should enable a sufficient number of measurements to be
collected (e.g., 50, if analyzing via dynamic modeling) (11).
If the researcher is interested in observing effects after the
intervention is withdrawn, then the subsequent observation
period should be long enough for the treatment to “wash out”
(1).

These types of interventional designs have many simi-
larities with observational N-of-1 studies, due to repeated
measurements of the outcomes and any other factors of
interest. These designs are therefore also appropriate for
examining the effect of an intervention on behavioral
outcomes. In this instance, the lengths of the intervention
and observation period(s) should be based on how long
it is anticipated for changes in patterns of behavior to
occur and be sustained. For a behavioral intervention that
cannot be reversed or withdrawn, an AB design may be
most appropriate for comparing behavior or health outcomes
prior to and during an intervention (8). However, depending
on the nature of the intervention, an ABA design may
still be useful if the researcher is interested in monitoring
whether any improvements continue or return to baseline
after treatment.

Application of N-of-1 studies to nutrition research:
considerations and challenges

The two classes of N-of-1 studies—observational and
interventional—can be flexibly applied and adapted to
research questions in nutrition. Both types of design involve
monitoring of a participant over time, and often employ
EMA to obtain repeated measurements of health markers,
behaviors, or attitudes.

As N-of-1 studies generate a large amount of data on an
individual level, they could be particularly useful for applica-
tion to precision nutrition studies, which often collect large
amounts of variable information on individual participants,
including physiological, microbiome, and dietary intake data,

along with more stable baseline information such as de-
scriptive information and genetics (36). Although including
repeated measurements of variable factors over the course
of an N-of-1 study increases the participant burden, these
measurements can also serve to retain participant interest
if the researcher is able to build a profile on the participant
that can be shared with them during or at the end of the
study. As mentioned previously, repeated measurements of
disease markers improve accuracy, providing participants
with a better estimate of their “true” value; this can help in
determining disease risk (37).

Particularly if studying less stable markers (e.g., blood
pressure), there is a chance that different results could be
obtained at different time periods; for example, due to
seasonality effects (13) or if the participant experienced
an acute event, such as a stressful experience, that may
have affected their behavior or health for several weeks
(38). This would mean that any results obtained would
not be an accurate representation of their usual health.
However, provided the participant was willing to provide
information that might help in the interpretation of their
results, this could provide an understanding of how their
health can be affected in such circumstances. Conclusions
from N-of-1 studies should therefore be interpreted with the
consideration that they are not only specific to the individual,
but to the time and nature of the study; the latter should also
be remembered in the context of interpreting results from
group-level trials (3).

N-of-1 studies can also help to address questions of a more
behavioral nature within nutrition research. The use of EMA
provides a participant the opportunity to respond in real time
to factors that may influence their eating behavior or general
health, such as where they spent their day, how they felt, and
what they were doing (21). This could help in identifying
factors that may negatively influence a participants health.
For example, using a daily diet-quality questionnaire may
reveal that a participant snacks more on workdays than
they thought, or their reporting on a sustained period of
high stress might show a subsequent worsening of disease
markers. Using the participant to collect their own data is also
a useful approach when they are unable to attend a research
center for any reason, as self-report measures or outcomes
can be collected remotely.

Proposals for N-of-1 trials can face some criticism. There
may be an attempt to understand the study from the
perspective of a group-level trial, including concerns that
there is a lack of statistical power owing to the low number of
participants (or a single participant) under study. It should
therefore be explained that statistical power is achieved
from the number of measurements taken on an individual
level (9). Funders or institutes may not see the utility in
conducting trials on an individual level or may believe it is
not worth the amount of effort and resources required to
examine a small number of participants (34). Such criticisms
can also affect the interpretation of results from an N-of-
1 trial. However, individualized measures or single N-of-1
studies can help to identify variable factors that may affect
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health or behavior that could otherwise be overlooked, as
analysis of time-course data can reveal associations which
would be missed if fewer measurements were taken (11). To
investigate whether such associations are useful for other,
similar patients, aggregation of sets of N-of-1 studies can
be useful, particularly if a goal is to determine whether 1
intervention is superior to another.

The field of personalized nutrition has been levelled with
the criticism that delivering health advice on an individual
level may widen health inequalities (26). Indeed, it is
widely known that those of a lower socioeconomic status
often have poorer diets (39) and higher burdens of disease
(40). However, N-of-1 studies could be applied specifically
to help investigate under-represented and heterogeneous
individuals. As measures can be adapted to the individual
level, factors relevant to the participant under study could
be measured to investigate their potential effects upon
eating behavior or health. By involving the participant in
this process and tailoring the study to their needs, the
researcher can identify those factors that are likely to be of
greatest relevance (8), while helping the participant comply
with and maintain interest in the study. Depending on
the research question, the study need not have the strict
recruitment criteria common for group-level studies looking
for a homogeneous study population, which would rule
out many potential participants (34). Comparison of sets
of N-of-1 trials, either descriptively or through statistical
aggregation, could then help to identify similarities and
differences between participant outcomes, and why these
may occur.

Conclusions

The amount and quality of data gained from an N-of-1
study can be used to identify outcomes and predictors on
an individual level, unlike data from traditional, group-
based studies. N-of-1 studies can be used to observe a
participant’s behavior over time, to examine variability in
behavior as a response to an intervention, or to determine
how long an intervention needs to be administered to see
a biologically relevant effect. The design of an N-of-1 study
should be considered carefully, with a focus on how often
measurements should occur, how they will be taken, and
the associated burden on the participant. If the participant
is responsible for their own data collection, they should be
appropriately supported by the researcher. This can include
tailoring or personalizing aspects of the study, if relevant, to
maintain compliance and interest in the study, while ensuring
sufficient measurements can be collected to fulfil the aims
of the research. Therefore, N-of-1 studies need not recruit
a large pool of relatively homogeneous participants. When
planning an N-of-1 study, it is important to design a statistical
analysis plan appropriate for the N-of-1 design used and to
consider how missing data will be handled (41) and how any
perceived difficulties could be dealt with. Researchers should
therefore consult appropriate methodological guides prior
to designing N-of-1 studies (12). If designed appropriately,
an N-of-1 study is an essential tool for understanding

588 Potteretal.

the individual, so should be considered for application to
personalized and precision nutrition.
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