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Key messages

e Substantial evidence links nutrition to the improvement of physiologi-
cal function and/or the reduction of the risk of major chronic diseases.
Intervention studies fulfil an important role in establishing the link
between nutrition and improvements in health as, if well designed,
they may allow the testing of causality.

Nutrition intervention studies can range in type from a double-
blind, randomised, placebo-controlled, nutrient supplementation
study through to a community-based lifestyle intervention, or a
population-based fortification project.

Nutrition intervention studies can range in duration, from short-
term studies assessing acute postprandial effects of specific die-
tary modifications through to long-term interventions running
over many months or years that examine change in risk markers or
incidence of disease.

3.1 Introduction

There is substantial evidence linking dietary factors to
the primary and secondary prevention of major chronic
diseases such as heart disease, diabetes and certain can-
cers, as well as the improvement of physiological func-
tion and the maintenance of adequate nutritional status.

Although observational studies (see Chapter 2) can
demonstrate an association between a particular nutrient,
food or diet and a functional or disease-related endpoint,
causality cannot be demonstrated using such study
designs. To demonstrate cause and effect requires an
intervention study in which consumption of a nutrient,
food or diet is altered in a controlled way and the effect on
selected outcomes is measured. Intervention studies are
higher up the hierarchy of scientific evidence than obser-
vational studies, although a combination of different

o The study design process should include careful consideration of
the hypothesis, duration, intervention, amount and mode of deliv-
ery, control and blinding, primary and secondary outcome measures
(including assessment of background diet), statistical power, eligi-
bility criteria, data-collection methodology and ways of measuring
and encouraging compliance.

Advice from a statistician during both study design and statistical
analysis is recommended.

Local ethical approval and research governance procedures must
be followed, and intervention studies registered on a publicly
accessible database before recruitment commences. Any potential
conflicts of interest, for example when funding has come from the
food industry, should be declared.

study designs is usually utilised to develop a comprehen-
sive evidence base for a link between consumption of a
particular food or nutrient and a health-related outcome.
Observational studies often generate hypotheses, which
can be tested more rigorously in an intervention study.
This chapter will examine the different types of inter-
vention study and then outline some of the key factors to
consider when planning such studies. It includes inter-
vention study design when the focus of interest is a par-
ticular nutrient, whole food, food group or whole diet,
and also discusses nutrient supplementation studies.

3.2 Intervention study types

Intervention studies should be hypothesis driven and
have a strong evidence basis. Intervention study designs
can range from a short-term study, where the immediate
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effect of the intervention (consumed once) is measured
over minutes to hours (for example, postprandial, or
post-meal, studies), through to long-term studies that
evaluate the effects of the intervention over a period of
weeks, months or years. The study setting can also vary,
from those in free-living populations through to studies
conducted entirely in purpose-built research facilities
such as metabolic suites, or within clinical facilities such
as metabolic wards. The main study designs are outlined
in this section.

Pilot studies

Different definitions exist for a pilot study (sometimes
the terms ‘feasibility study’ or ‘exploratory study’ are also
used interchangeably), but they are generally regarded as
studies that are implemented on a small scale in order to
test whether all the study processes operate as antici-
pated before undertaking a full-scale trial. There are
many different reasons for performing pilot studies: for
example, they are often undertaken in order to assess
how realistic it would be to conduct a full-scale trial, to
test recruitment procedures in a defined population, to
develop and test research instruments, to develop and
test a novel intervention (e.g. to evaluate food matrix
issues or to ascertain dose or amount to be consumed),
to identify logistical challenges in implementing a full-
scale trial and to convince funding bodies that such a
trial is worth funding. These studies can also provide
data on the distribution/variability and timescale of out-
come responses, which can be used for power calcula-
tions in subsequent definitive studies. Pilot studies vary
in design and may test all, or only some, aspects of a full-
scale study. They may be single-arm (before and after)
studies with no control group, and these can be a cost-
and time-effective way of assessing potential effects, but
only as a forerunner to controlled studies. Pilot studies
add to the totality of evidence, but on their own cannot
determine the effect of intervention.

In general, data from pilot studies should be reported
in descriptive terms and caution should be exercised
when interpreting any statistical tests of significance,
which will typically lack power. Publishing pilot data
provides important insights and information that can
be used by other researchers and represents an impor-
tant element of good study design, particularly for
complex interventions. Whole-diet or broader lifestyle
interventions, including diet, may be considered ‘com-
plex interventions, and should be developed according
to the UK Medical Research Council’s guidelines on
developing and evaluating complex interventions.
Development of interventions according to these
guidelines will involve the use of qualitative research
methods (see Chapter 10).

Randomised controlled trials: Parallel
and cross-over

Once these early studies have been completed, studies
with greater rigour, in which participants are randomised
to study groups, will test the hypothesis that the nutrient,
food or diet will alter the selected outcome measures.
Usually a series of studies will be conducted, with later
studies extending the work as the evidence accrues.
Examples include increasing the range of populations
studied, using new and/or longer-term outcome meas-
ures, assessing the minimum effective amount (or ‘dose’)
to be consumed, and evaluating different forms of pres-
entation or delivery of the nutrient or food.

In any controlled study, in addition to measuring out-
comes in participants receiving the active nutrient, food
or dietary intervention, the same outcome measurements
will be collected in a control group. The inclusion of a
control group, which may receive either a placebo or no
intervention, allows control outcomes to be compared
with intervention outcomes and therefore increases con-
fidence that changes observed during the study are
directly attributable to the intervention. Without a con-
trol group, it is inappropriate to make cause-and-effect
statements about an intervention, as other factors may be
responsible for the effects observed. For example, if a
study is conducted over several months without a control
group, it is possible that any changes observed are attrib-
utable to normal seasonal changes rather than the inter-
vention itself. As well as allowing seasonal variations to be
taken into account, having a control group also means
that the ‘placebo effect’ can be assessed. In some cases,
just taking a supplement or eating in a different way is
enough to make an individual feel ‘better’ to some extent,
and this is particularly relevant when dealing with more
subjective outcomes such as quality-of-life scales.

Two basic randomised controlled trial (RCT) study
designs are encountered: parallel group studies and cross-
over studies. The key features of these study designs are
illustrated in Figure 3.1. In parallel group studies, each
participant receives only one of the nutrition interven-
tions (e.g. product A or B, or low intake or high intake)
under study. Comparisons between groups must there-
fore be made on a between-participant basis. However,
in some studies it may be feasible to use a different design
in which participants receive more than one interven-
tion. In cross-over studies, participants receive all inter-
ventions under comparison and the design specifies the
order of interventions. This has the advantage that com-
parisons between interventions can be made on a within-
participant basis, with a consequent improvement in the
precision of comparisons and therefore in the power of
the study, and a reduction in the required sample size. In
such designs, participants act as their own controls. In a
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Figure 3.1 Study design for parallel and cross-over RCTs. Acute studies can follow either of these general designs, but durations will be markedly
shorter. (a) Parallel group randomised controlled trial flowchart; (b) Cross-over randomised controlled trial flowchart.
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cross-over design for two interventions, the participants
are allocated to two groups that receive interventions in
a different order. Assessments are performed at the end
of each intervention period, although in some cross-over
studies baseline measurements may also be taken at the
start of each intervention period. Depending on the
intervention and outcome measure, a washout period
may be required between intervention periods to avoid
contamination or carry-over effects; that is, the effect of
an intervention given in one treatment period extending
into the following treatment period(s). A run-in period
may also be desirable in advance so as to minimise order
effects. During this period participants may be asked to
avoid certain foods. A Latin square design may be used,
where appropriate, to extend cross-over studies to more
than two interventions. However, since participants
receive all interventions, increasing the number of inter-
ventions will extend the study duration and so may add
to the participant drop-out rate.

For studies that require longer-term interventions,
parallel studies are usually preferred, because of their
shorter overall time frame. Furthermore, parallel studies
are essential where a washout period may be ineffective at
returning outcome measures to baseline, for example in
certain tests of cognitive function. Parallel studies are also
required where intentionally returning to baseline may be
unethical, for example if body weight or bone mineral
density is the outcome measures. Parallel studies are least
suited to outcomes that show large inter-participant vari-
ation. Cross-over studies are favoured where participant
availability may be restricted and in very short-term stud-
ies, for example postprandial studies to evaluate glycae-
mic responses or effects on satiety and short-term energy
intakes. However, they are adversely affected by dropouts
and necessitate a more complex analysis methodology.

The choice of study design will depend on these con-
siderations, but also on the time frame, the availability of
other resources such as cost, the level of financial sup-
port and research staff time available, and the potential
roles of confounding factors, such as seasonal variations.
Using cost as an example to be considered, the sample
size for cross-over studies will be smaller, and the time
frame for recruitment therefore shortened, but the over-
all time frame will be longer than for a parallel trial, as
participants need to complete both intervention and
control arms with an appropriate washout period. The
effect of these differences on cost would have to be esti-
mated for each individual study.

Other less commonly used types of RCT include the
factorial design (in which all possible combinations of two
or more interventions are tested, therefore permitting the
evaluation of intervention interactions) and the cluster
randomised design (in which the unit of randomisation is
not the individual but a cluster of individuals defined, for

example, by family, school class or primary care group).
Further guidance on these designs is available in statisti-
cal texts on clinical trials.

Quasi-experimental studies

Like RCTs, quasi-experimental studies are designed to
estimate the impact of an intervention on a group of par-
ticipants. Although they can be similar to RCTs in
design, they lack one or more key features of a true
experiment; most commonly the element of random
assignment to the intervention or control group is absent
and sometimes the control group is lacking altogether.

Quasi-experimental studies are often used in public
health, for example community food-based interventions.
They are easier, quicker and cheaper to implement than
RCTs and so require less forward planning and a shorter
lead-in time. In some situations quasi-experimental stud-
ies are the only viable option, as it may not be ethical to
have a control group that does not receive any interven-
tion, for example in the provision of vitamins to infants.
Some public health interventions, by necessity or for prac-
tical reasons, need to be rolled out quickly and on a wide
scale, which excludes the incorporation of a control group.
Quasi-experimental studies can provide valuable infor-
mation about the potential usefulness of an intervention,
but their internal validity (i.e. their ability to establish cau-
sality) will be compromised compared to the RCT design
and this limitation must be appreciated when interpreting
their results.

There are many different variations of quasi-experimental
studies, but two frequently encountered designs are:

o A before-and-after study without a control group. In
this case, data are collected on the endpoint of interest
before and after an intervention takes place, but there
is no control group for comparison and so it is not
possible to be certain that any differences that have
occurred between the start and end of the study are
directly attributable to the intervention. It is possible
that something else happened between the before and
after measurements that influenced the results, or it is
possible that completion of the pre-test assessments
influenced completion of the post-test assessments, if
non-objective data-collection methods such as ques-
tionnaires were used. For example, an intensive educa-
tion intervention to reduce fat intake in a group of
overweight participants took place over a six-month
period and, at the same time, a public health campaign
targeting fat intake was launched. Without a control
group it would not be possible to say whether changes
in fat intake that took place during the study were
attributable to the intensive education intervention or
to the public health campaign.
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o A before-and-after study with a non-equivalent groups
design. In this type of study, one group of individuals is
recruited and assigned to the intervention and another
group of participants is chosen to act as the control
group. Since the groups are not created through ran-
dom assignment, they may not be similar (or equiva-
lent) in all key aspects at the start of the study and this
may affect the outcome of the study and thus its inter-
nal validity; that is, its ability to conclude that the
intervention was causally related to the study outcome.
For example, in a study examining the effects of a die-
tary intervention on total cholesterol, if participants
are not randomly assigned to the intervention or the
control group at study outset, it is possible that partici-
pants in the intervention group may have lower total
cholesterol concentrations and a healthier diet at the
start of the study compared to the control group. In
this case, the intervention group would be unlikely to
benefit as much from the intervention as the control
group, thus the non-equivalence of the groups at the
start of the study would bias the results towards the
null hypothesis.

Population-based fortification studies

Food fortification is defined by the World Health
Organization (WHO) as ‘the practice of deliberately
increasing the content of an essential micronutrient, i.e.
vitamins and minerals (including trace elements) in a
food, irrespective of whether the nutrients were originally
in the food before processing or not, so as to improve the
nutritional quality of the food supply and to provide a
public health benefit with minimal risk to health’

Food manufacturers can fortify foods on a voluntary
basis, in line with government legislation, meaning that
the individual can make a choice about whether to pur-
chase such foods or not. An example of this would be
fortification of ready-to-eat cereals. In contrast, popula-
tion-based food-fortification programmes are some-
times implemented as part of public health policy to
correct dietary deficiencies (e.g. iodised salt to prevent
iodine deficiency) or enhance the status of a micronutri-
ent to a level that will prevent specific undesirable health
outcomes (e.g. fortification of flour with folic acid to pre-
vent neural tube defects). Population-based fortification
programmes require careful planning and consideration
of a wide range of background scientific data before
commencement, including the following:

e Examination of high-quality data on the dietary intake
(usual food intake and dietary patterns) and nutri-
tional status of the population, including age- and sex-
specific subgroups, in order to inform decisions about
the most appropriate food vehicle for fortification and

to allow modelling of dietary exposure in relation to
tolerable upper limits as part of the overall risk-assess-
ment process.

o Calculation of the dose and most appropriate form of
micronutrient to add based on: data from efficacy and
effectiveness trials; the food vehicle chosen; the bioa-
vailability of the nutrient in question when delivered
in the food matrix; and findings from risk-assessment
modelling.

Furthermore, careful monitoring for undesirable conse-
quences (e.g. over-exposure in certain population sub-
groups resulting in toxic side effects) as well as desirable
effects (improved population micronutrient status,
reducing the incidence of the targeted adverse health
outcome) of the fortification programme in the short,
medium and long term is paramount and should be care-
fully planned before programme implementation.

3.3 Considerations when planning
intervention studies

The major factors involved in the planning, conducting
and reporting of intervention studies are identified in
Table 3.1, which uses a similar structure to that in the
Consolidated Standards of Reporting Trials (CONSORT)
checklist for clinical trials. An expanded discussion of
these factors appears in this section. These factors will be
most relevant for RCTs, as described above, but some
factors will also apply to intervention studies in general.
Table 3.2 gives some examples, from peer-reviewed
journals, of the different study designs described in
Section 3.2. Some published studies, particularly earlier
ones, do not give clearly stated null hypotheses based on a
single primary outcome measure. In these cases, the null
hypotheses in Table 3.2 have been inferred from the
hypotheses, aims or objectives given in the paper. The dis-
tinction between null hypotheses and alternate hypothe-
ses is outlined later in this section. Achieving a study
design that fully satisfies all the considerations described
here may be constrained in practice by a number of fac-
tors, which include practical and logistical issues and the
availability of resources, eligible participants and appro-
priate outcome measures. Thus, the purpose of Table 3.2 is
to illustrate the range of types of study design that have
been used, rather than to provide examples that may be
considered to satisfy fully all the considerations described.

Hypothesis

The primary hypothesis, which is tested statistically,
should be framed as a null hypothesis, which states that
there is no difference between the tested intervention
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Table 3.1 Factors to consider and recommended standards for human intervention trials evaluating health benefits of nutrients, foods and diets.
Modified from Welch et al. (2011) and Woodside et al. (2013).

Phase Factor Recommended standard
Design Hypothesis Clear hypothesis
Study design Appropriate design, randomised where possible
Duration Appropriate to design, intervention and outcome measures
Intervention Test and control interventions suitably matched
Amount Appropriate to outcome measures and to practical usage
Outcome assessment Define primary outcome and method of measurement
Define all secondary outcomes and methods of measurement
Eligibility criteria Define all eligibility criteria
Statistical considerations
Randomisation Use randomised design; ensure appropriate allocation, sequence generation and concealment
Blinding Ensure double blinding if feasible, single blinding if not
Size of study Conduct power calculation based on primary outcome measure
Conduct Study protocol
Ethical approval and Obtain approval, register trial, comply with Declaration of Helsinki
trial registration
Recruitment Define recruitment strategy and process, including settings and dates
Data collection Define relevant measures, select suitable methods for assessment, collection and analysis
— Demographics,
lifestyle, background
health status and diet,
and diet changes
— Adverse events and Use suitable methods to record and respond appropriately
unintended effects
Compliance Define acceptable level, strive to maximise, assess
Analysis and Statistical analysis Devise appropriate analysis methods, based on study design and outcome measures

interpretation  Discussion and interpretation

Conclusions

Consider study limitations and generalisability of findings
Relate directly to hypothesis, study design, intervention and participants

and the control (see Table 3.2). If the statistical test
rejects the null hypothesis, then the alternative hypothe-
sis is accepted, indicating that there is a difference
between the two interventions. The primary hypothesis
to be tested directly influences all aspects of the study,
including the study design and duration, the eligibility
criteria, the amount of food or nutrient that will be pro-
vided and the nature of the control group. The hypothe-
sis should be based on a thorough review of the available
evidence. This review should not only encompass other
intervention studies, but also consider epidemiological,
animal and in vitro studies. Where possible, all available
evidence should be reviewed systematically and an
assessment of safety and potential risks should be carried
out. The primary outcome measure should be clearly
defined and must relate to the primary hypothesis.

Duration

The study duration must be long enough to allow
changes in the primary outcome measure and will be
determined by data from previous intervention studies
and from knowledge of the underlying physiology and

biochemistry, for instance relevant tissue-turnover rates.
The duration must also relate to the timescale of the
hypothesis, which may address acute effects (e.g. glycae-
mic response or increased alertness) or longer-term out-
comes. Thus, no standard can be set for duration, but the
aim should be to set the shortest feasible duration for
ethical reasons, to conserve resources and to avoid par-
ticipant fatigue leading to non-compliance or with-
drawal. In some cases, post-study follow-up measures
are desirable to evaluate persistence or other longer-term
effects, although such follow-up can add significantly to
study costs.

Intervention nutrient, food or diet

The intervention will be the nutrient, food or diet under
investigation. Consideration must be given, however, to
the intended use of the intervention, and the study design
should take this into account. For example, if it is intended
that a food should be consumed as part of a mixed meal,
once a day, then the study design should be testing that
pattern of consumption and details of frequency and
timing of ingestion reported. If a particular food is the
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intervention being tested, then investigators need to
decide whether participants will substitute the test food
for habitual foods, whether the test foods will be added to
their usual diets, or whether some sort of food-exchange
model can be implemented with participants, as each of
these scenarios will be answering a slightly different
research question. This section outlines some factors to
consider when planning the intervention.

Amount consumed

The dose of a nutrient or other component, or the
amount of the food to be consumed, will depend on a
number of factors (e.g. previous data, underlying physi-
ology, food matrix, palatability and bioavailability).
However, the amount to be consumed should be close to
that intended for practical use. Furthermore, it is impor-
tant to test and document the amount of the nutrient or
food that is provided, for example by directly measuring
the amount of a particular nutrient present in a supple-
ment capsule.

Control group intervention

The control is a food, nutrient, substance or product that
does not provide the component that is being tested, and
its composition should also be analytically documented.
The control should be matched for sensory characteris-
tics and taken in the same way as the test intervention. A
control is relatively easy to achieve in supplementation
studies using pills or similar preparations by producing a
placebo preparation. However, in studies of foods or
whole diets, it is more difficult, and perhaps impossible,
to develop a control intervention identical to the test
intervention but not containing the active component(s)
under study. Blinding may not be possible for many foods
where the intervention is easily identifiable by both trial
participants and researchers, as may be the case with
some minimally processed foods such as fruit or vegeta-
bles, and some manufactured consumer foods such as
cereal products. However, some degree of blinding may
be made possible by the use of suitable packaging that
conceals products from the researchers and study partici-
pants. If the aim is to use a single food group, such as fruit
or nuts, then the formulation of a control food is impos-
sible and instead the control arm would receive either no
food or a smaller number of portions of the food being
studied; this may have effects on other aspects of diet and
behaviour. For whole-diet interventions, for example the
Mediterranean Diet, it is usual to measure self-reported
adherence to that diet using a previously developed scor-
ing scheme, with control groups not receiving the dietary
advice and therefore being less adherent to the whole-diet
pattern and consequently attaining lower scores. Further
guidance on attaining an ideal control is available in other
published literature, but is likely to vary depending on the
type of intervention being tested.

Outcome measures

All intervention studies will assess outcome measures
and will compare these between intervention and control
groups, if a control group features in the study design.
Most studies will have a range of outcome measures, but
the study should be powered based on the pre-specified
primary outcome measure, as stated in the hypothesis,
and the sample size calculated using that outcome meas-
ure (see the discussion of size of study later in this chap-
ter). Similarly, if an outcome is assessed at several time
points over the course of the study, either a single time
point or a single summary measure of results at several
time points should be pre-specified as the primary out-
come measure. All outcome measures, whether primary
or secondary, should be stated and defined in the study
protocol.

It is essential that the outcome measure is of biological
relevance. In some cases the outcome measure is clearly
relevant, as it is a direct, objective measure of the impact
on nutritional intake or status (e.g. energy intake or nutri-
ent concentration in plasma - see Chapters 4, 6, 11 and
12) or intended health effect (e.g. body weight, or diagno-
sis of a disease or muscle strength). Subjective measures
are also used, such as feelings of health, appetite or fatigue;
in these cases, it is important to use validated instruments
if these are available. When the effect cannot be measured
directly, indirect or surrogate factors such as biological
markers or risk factors are used to reflect a functional,
physiological or biochemical characteristic associated
with a disease, or as a predictor of the later development
of the disease. Examples include glycated haemoglobin as
an indicator of long-term hyperglycaemia and risk of type
2 diabetes complications, plasma LDL-cholesterol as a
measure of cardiovascular disease risk, bone mineral
density as a measure of osteoporosis risk, complex metab-
olomic or proteomic profiles as markers of function and
disease risk, and the presence of adenomatous colon pol-
yps as an early indicator of colon cancer. Most indirect
outcome measures are chosen because they reflect con-
sensus guidelines or are commonly used by experts in the
area. For example, detailed guidelines have been pro-
posed for particular outcomes such as the assessment of
glycaemic responses or satiety. However, very few mark-
ers have been assessed and validated by expert consensus
in terms of their specificity, variability, limitations and
applicability to a range of population groups.

Methodological aspects

An effort should be made to standardise all outcome meas-
ure assessments and reduce measurement error as far as
possible (e.g. by standardising measurement protocols,
training observers and averaging several measurements
rather than using a single measurement), especially if meas-
urement errors are known to be large. Where possible, the
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researcher assessing study outcomes should be blinded to
the intervention assignment.

Analytical variability

Laboratory analytical methods should be precise,
accurate, sensitive and specific, and these performance
characteristics should be recorded in a file of standard
operating procedures (SOPs) or similar-quality record
documents for the study. Intra-laboratory analytical var-
iability should be minimised by using automated equip-
ment to analyse samples in duplicate or triplicate, in
batches that represent the range of interventions, partici-
pants and sampling times, with suitable internal and
external standards and participation in quality assurance
programmes. Ideally, all samples from a study should be
analysed at the same time, and all samples from an indi-
vidual participant in one run, but this may be precluded
by degradation in storage, even at low temperatures.
Biomarkers that have high methodological variability
will often require a larger number of trial participants to
give the study adequate power.

Biological variability

Biological variability arises from many factors (e.g.
genetic background, circadian rhythm, seasonal differ-
ences, menstrual cycle) and may introduce systematic
bias. Thus, it is important to understand the factors
underlying this variability for the biomarkers, and to
take samples or adapt the study design accordingly.

Biologically meaningful changes

Although a trial may find a statistically significant
change in an outcome measure, such a response does not
necessarily mean that the intervention will be effective in
terms of producing a discernible health benefit or risk
reduction in the target group. Thus, the size of the change
and its potential biological, clinical or public health sig-
nificance should also be considered when performing
the sample size calculation (see later in this chapter).

Selection of participants: Eligibility criteria

Eligibility criteria, which often include age, gender, health
and disease status, are functional, physiological or clinical
characteristics or demographic variables used to define
the study population. Eligibility criteria may also include
lifestyle factors, such as smoking habit or level of physical
activity, and dietary factors such as low fibre intake or the
consumption of restricted diets. Eligibility criteria can be
presented as inclusion and exclusion criteria.

Eligibility criteria should describe participants ade-
quately, so that the results can be appropriately inter-
preted in terms of their generalisability. Eligibility criteria
should also be selected with the target population for the

test intervention, as well as the hypothesis and outcome
measures, in mind. Inter-participant variation may be
reduced by using stricter eligibility criteria to select a
more homogenous group of participants for the study.
However, this approach also has the disadvantage of
restricting the target population and consequently will
limit the generalisability of the findings. Children and
women of childbearing age will need to be excluded from
any studies that may have an adverse effect on normal
growth and development or have teratogenic potential.

It is important to define eligibility criteria using objec-
tive quantitative descriptors wherever possible. For
example, many nutrition interventions use ‘apparently
healthy’ participants. Health may be evaluated by using a
questionnaire on medical history and surgical events, or
this may be extended to a physical examination and
screening of blood and urine. ‘Health’ may merely refer
to the absence of diagnosed disease, or to a specific
aspect such as a healthy blood pressure, and in such cases
the criteria can be very specific and may follow official
guidelines. However, ‘apparently healthy’ may also
include a healthy lifestyle, which could be assessed using
questionnaires, for example for physical activity, dietary
habits, smoking, alcohol and medication use.

Statistical considerations

Randomisation

Randomisation is the allocation of participants to inter-
ventions using a random process such as the toss of a
coin. It ensures that the investigator does not bias the
study outcome by influencing the intervention to which
a participant is allocated. The main advantage of random
allocation is that it will produce study groups that are
comparable with respect to both known and unknown
factors that could influence the outcome measure. That
is, it ensures that potential confounding factors are
equally distributed between groups. Consequently, it
increases the internal validity of the study, meaning that
any observed difference in the responses of the two
intervention groups is likely to be due to the effects of the
intervention. Randomisation helps to ensure that the
comparison of interventions is fair (by eliminating selec-
tion bias) and that the statistical analysis is valid.

To allocate individual participants to intervention
groups, random number generation (either from tables
or more usually by computer) is often used. However, it
is advisable to ensure that approximately equal numbers
of participants are assigned to each group by using a
restricted (or block) randomisation, in which partici-
pants are divided into blocks within which equal num-
bers of allocations are made to each intervention. To
avoid any possible predictability of the allocations at the
end of a block, it is advisable to vary the block size. It is
often desirable to stratify participants into subgroups
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defined by important variables such as age, gender and
ethnicity that could influence the response to interven-
tion. A restricted randomisation is then conducted
within each subgroup. Stratification will generally result
in more comparable study groups and can also reduce
variability in the response measure when incorporated
into the statistical analysis. Minimisation, a technique
that minimises imbalance between the participants in
the intervention groups over a number of variables
simultaneously, may offer a more practical approach
than stratification on multiple variables.

Concealment of the intervention allocations
CONSORT highlights the importance of detailing who
generated the study randomisation schedule, who allo-
cated participants and what steps were taken to conceal
the allocation in order to minimise bias, subconscious or
otherwise. Successful randomisation should result in an
unpredictable allocation sequence (i.e. the researcher
will not be able to predict to which group the next par-
ticipants will be assigned) and adequate concealment of
the allocation sequences until the participant is made
aware of their group assignment. In a multicentre trial, a
telephone randomisation procedure can be implemented
to safeguard the allocation sequence. For a small, single-
centre trial, a simple way to eliminate any possible bias of
this sort is to implement randomisation using sealed
envelopes. In this process, the random intervention allo-
cations are concealed in sequentially numbered, opaque,
sealed envelopes, prepared by a researcher who is not
involved in the recruitment or allocation of participants.
Only after a participant has given consent, been enrolled
in the study and the envelope endorsed with the partici-
pant’s name should the seal be broken to reveal to which
intervention the participant has been allocated. This
process ensures that knowledge of forthcoming assign-
ments is not available to researchers and shields the
allocation sequence until assignment occurs.

Blinding

The assessment of study outcomes may be influenced by
knowledge of which intervention was received, particu-
larly for subjective outcomes. Such bias can be avoided
by using blinded assessment. If neither assessor nor par-
ticipant knows which intervention the participant
received, then the study is double blind. If the participant
knows but the assessor does not (or vice versa), then the
study is single blind. Blinding should also be carried
through into laboratory determinations and statistical
analysis. The time of unblinding, which is usually after
the freezing of the database (i.e. when all data entry for
the study is completed and the study database has been
checked and finalised), should be documented in the
study report and may be mentioned in any subsequent
document.

Where possible, and particularly for food products,
the effectiveness of blinding should be assessed at the
end of the study and commented on in the study report.
This can be achieved by the use of a simple questionnaire
asking participants which product (test or control) they
thought they were consuming.

Size of study (power calculation)

It is essential to estimate the number of participants
required for the study. A study that is too small is likely
to fail to detect important differences between interven-
tions, while one that is too large may needlessly waste
resources and would be unethical. In certain circum-
stances trials may be designed to be analysed after every
participant’s result becomes available (sequential design)
or after pre-specified numbers of participants’ results
become available (group sequential designs). These
designs are ethically appealing because they ensure that
inferior interventions are quickly identified, so minimis-
ing the numbers receiving them. However, even when
such early termination is feasible it is not always advisa-
ble, since it can lead to intervention effects being esti-
mated with poor precision.

The usual methods for sample size estimation require
specification of the magnitude of the smallest meaning-
ful difference in the outcome variable. The study must
be sufficiently large to have acceptable power to detect
this difference as statistically significant, and must take
into account possible non-compliance and the antici-
pated drop-out rate. Information about the degree of
variability in the outcome is also required and may
come from previous published or unpublished data, or
from a pilot or exploratory study specifically performed
for the purpose (discussed earlier in this chapter). A
multicentre study may be necessary if the study is too
large to be performed in a single centre. Statisticians are
key members of research teams and it is recommended
they are involved at an early stage, not only in study size
calculation but also in planning the design and analysis
of the study.

Ethical approval and study registration

Researchers should determine the appropriate local ethi-
cal approval and research governance procedures
required for their study, and seek these approvals before
the study commences. While not all nutrition research
may be classified as medical research, it is recommended
that researchers adhere to the World Medical Association’s
Helsinki Declaration. One of its recommendations is
that every clinical trial (including human nutrition inter-
vention studies) must be registered in a publicly accessi-
ble database before recruitment of the first participant.
Such registration, with accompanying protocol details, is
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intended to reduce the consequences of non-publication
of studies (for example, repetition of negative studies), of
selective reporting of outcomes and of reporting per pro-
tocol (PP) rather than intention to treat (ITT) analyses
(see on the discussion of statistical analysis later I this
chapter). The WHO has stated that ‘the registration of all
interventional trials is a scientific, ethical and moral
responsibility, while the International Committee of
Medical Journal Editors only considers trials for publica-
tion if they are registered before enrolment of their first
participant. The academic view is that a priori trial regis-
tration is essential for ethical research in humans.

Recruitment and participant flow

The study protocol should state the methods by which
participants will be recruited, and details of the recruit-
ment process should be carefully described, with details
of numbers of participants approached, screened,
recruited and completing, and reasons noted for non-
recruitment (ineligibility, lack of willingness to partici-
pate) and non-completion. Informed consent should be
obtained. When reporting the study, this information is
best summarised in a participant flow diagram, such as
that suggested by CONSORT (asillustrated in Figure 3.2).

CONSORT Statement 2010 Flow Diagram

Assessed for eligibility (n =)

SEETES

Excluded (n =)

+ Not meeting inclusion criteria (n =)
+ Declined to participate (n =)

+ Otherreasons (n =)

A 4

Randomized (n =)

L

A

Allocated to intervention (n =)

+ Received allocated intervention (n =)
+ Did not receive allocated intervention (give
reaons) (n =)

N

Lost to follow-up (give reasons) (n =)
Discontinued intervention (give reasons) (n =)

Analyzed (n =)
+ Excluded from analysis (give reasons) (n =)

[ Analysis ][ Follow-Up ] [ Allocation ]

A

Allocated to intervention (n =)

+ Received allocated intervention (n =)
+ Did not receive allocated intervention (give
reaons) (n =)

A 4

Lost to follow-up (give reasons) (n =)
Discontinued intervention (give reasons) (n =)

Analyzed (n =)
+ Excluded from analysis (give reasons) (n =)

For more information, visit www.consort-statement.org.

Figure 3.2 Flow diagram of the progress through the phases of a parallel randomised trial of two groups. Schulz, K.F,, Altman, D.G. and Moher, D.
(2010) CONSORT 2010 Statement: Updated guidelines for reporting parallel group randomised trials. British Medical Journal, 340, c332.
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Data collection

Data should be collected using a standardised case report
form. Participants should be assigned a unique study
number at the start of the study, and all their data should
then be held under that study number. That is, no partic-
ipant-identifiable information should be held by the
researchers, other than a single sheet where the study
number is linked to the participant contact details. All
data, both paper and computer-based, should be kept
securely and all data collection conducted in line with
the required local ethical and research governance
regulations.

Background diet and change in diet during
intervention

The nature of the participants’ background diet may be
one of the eligibility criteria. Regardless of this, and par-
ticularly in longer-term studies, it is important to collect
background dietary information in order to characterise
the participants’ habitual diet in terms of nutrient intake,
food consumption and overall dietary pattern. Diet
should also be assessed during longer-term interventions
in order to detect changes in it over time that may poten-
tially confound the results of the study. Such an assess-
ment will be particularly important when the intervention
is with whole foods or whole diets, where the control arm
is more difficult to design and define, and where blinding
is not possible. Where a nutritional supplement is being
tested against a placebo, randomisation has been per-
formed and double blinding has been possible, any die-
tary changes over the course of the intervention period
would be expected to be equally distributed between the
intervention and control groups. However, with food or
whole-diet interventions where participant blinding is
impossible, dietary changes will differ between interven-
tion and control groups, and full dietary assessment is
particularly important to establish, for example, how a
particular food or food group has been incorporated into
the overall diet; whether other foods have been displaced
as a result of the intervention; and the impact that has had
on overall diet quality and nutrient intake. For some out-
come measures that are affected by body weight, such as
insulin resistance, assessment of the impact of a dietary
change ideally requires body weight to be maintained
over the course of the intervention, and therefore
intervention and control diets will have to be carefully
energy matched and weight monitored during the inter-
vention period.

A number of dietary assessment methodologies are
available, including retrospective tools such as a food
frequency questionnaire or diet history, and prospective
methods such as a food diary or weighed food record
(see Chapter 4). However, dietary intake assessment

methods are subject to misreporting. In order to check
the reliability of dietary data, reported energy intakes
should be compared with the estimated energy require-
ment for each participant and compared to established
cut-offs for under- or over-estimating energy intake.
This is particularly important if these assessments are
being used as a way of monitoring compliance.

Background health status and lifestyle, and
changes in health status and lifestyle during
intervention

In addition to their possible role as eligibility criteria, it is
also important to characterise the study population in
terms of demographic background, health status and life-
style behaviours, in order to allow appropriate interpreta-
tion and generalisation of the results. Examples include
age, gender, level of medication use, years of formal edu-
cation, socio-economic status, physical activity and
smoking habit. The monitoring of health status and life-
style behaviours should also be carried out in the course
of longer-term studies to assess potential between-group
differences, which may confound outcome measures.

Adverse events

An adverse event (AE) is any unfavourable and unin-
tended sign (including an abnormal laboratory finding),
symptom or disease temporally associated with the use
of an intervention, whether or not it is considered to
be related to the intervention. Recording AEs is of major
importance in pharmaceutical studies, allowing a risk-
benefit analysis. Hence, there is an abundance of guide-
lines for the management of AEs in the clinical study
setting (e.g. European Medicines Agency; International
Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use; US
Department of Health and Human Services, Food and
Drug Administration). There are no guidelines for nutri-
tion intervention studies, given that these studies involve
testing foods, supplements or ingredients in participants
that are usually apparently healthy. However, the formal
recording of AEs is required for good practice in nutri-
tion research.

It is generally regarded as good practice to record all
AEs, no matter how trivial, in a participant’s file. In the
case of nutrition studies, AEs are likely to be very minor
in nature, for example mild nausea or minor gastrointes-
tinal discomfort. Such occurrences may be the result of
changes in dietary pattern or consumption of unfamiliar
products and will often lessen over time as the body
adjusts to the dietary changes. These minor events are
sometimes known as unintended effects (to use recent
CONSORT terminology). Their recording is desirable
and important in human nutrition interventions, as it
contributes to data on the tolerability of the product.
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Some of these minor occurrences will be anticipated by
investigators; if so, questionnaires should be used to pro-
vide quantifiable data, employing standardised formats
where available, for example to assess gastrointestinal
effects such as bloating or flatulence. Data should be col-
lected at baseline and at suitable intervals during the
study to assess onset and time course. Time, intervention
and group effects should be tested statistically and, if sig-
nificant, potential influence on compliance, withdrawal
and outcome measures should be considered.

Any serious or unexpected adverse events that are
encountered, whether or not they appear to be related to
the intervention, should be reported immediately to the
lead researcher, the relevant research ethics committee,
the sponsor and other relevant regulatory bodies for
review and appropriate management.

Compliance

Any deviations from protocol can affect the validity and
relevance of an intervention study. Low levels of partici-
pant compliance in nutrition studies decrease the power
to detect effects on specified endpoints, result in false
negative findings, and ultimately mean that the study is
unable to provide evidence to support or refute a poten-
tially beneficial effect of the intervention. Poor compli-
ance in a particular subgroup will also reduce the
generalisability of the results and has implications for
wide-scale implementation of the intervention. When
compliance is very different between allocated groups,
this may be because acceptability of the interventions
differs. Therefore, a nutrition intervention study should
aim to have measures in place to maximise and assess
compliance.

Methods to encourage and measure compliance

The choice of compliance assessment methods will
depend on study design, duration and intervention type.
In acute or postprandial studies, the intervention is usu-
ally consumed only once, or a limited number of times,
under supervision, and thus compliance is not usually an
issue. However, maintaining compliance throughout
longer-term studies is very important and may employ
one of the strategies discussed here. Consumption under
supervision throughout the dietary intervention will
maximise compliance; however, this has resource impli-
cations, as it will require the use of a special nutrition
facility and an intensive level of research staffing (obser-
vations may last a few hours, be at meal times only or
extend to residential studies lasting several days or
weeks). The complete provision of intervention supple-
ments or food or diets for consumption in a free-living
situation is a more commonly used approach and par-

ticipants would be asked to return any unconsumed
items. However, in this case an assumption is made that
all unreturned items have been consumed, which may
not be the case. In addition to providing intervention
foods, maintaining regular contact with participants is
key to achieving good compliance, as it allows any issues
to be identified and dealt with at an early stage.
Furthermore, informing participants that compliance
will be measured is likely, in itself, to improve adherence
to the dietary intervention. Dietary records, such as food
diaries or diet recall methods, can be used to measure
compliance, but such self-reported intake data are pre-
disposed to errors (see earlier in this chapter). Thus, the
assessment of tissue biomarkers as independent and
objective measures of compliance is preferred when pos-
sible (e.g. serum selenium or fatty acid composition of
erythrocyte membranes; see Chapter 8).

Acceptable levels of compliance

Acceptable levels of compliance for human nutrition
studies have rarely been stated and are difficult to com-
ment on definitively (see later in this chapter for discus-
sion of how compliance will affect statistical analysis). A
decision about the statistical analysis approach will be
partly influenced by whether studies are designed as tests
of efficacy (biological effect) or effectiveness (with the
potential to modify outcome in a real-life situation), as
the former studies will be more focused on maximising
compliance. Making a decision on an acceptable level of
compliance relies on an accurate, objective assessment of
compliance being available. A priori decisions should be
made regarding the acceptable level of compliance for
inclusion in a PP analysis. For example, in a supplement
study a level of consuming more than 80% of the supple-
ments provided might be specified as an indicator of
good compliance.

Statistical analysis

There are a number of statistics books that cover the
basics of randomised intervention trial methodology,
both in the design and analysis phases. It is good practice
to include a statistical analysis plan that specifies the sta-
tistical methods to be used in the trial protocol. The
hypotheses to be tested for both primary and secondary
outcomes (including whether they are one-sided or two-
sided) and the significance level to be employed should
be clearly stated.

Rationale for using statistical methodology

In common with other research in medicine and the bio-
logical sciences, the differences between groups that the
investigator wishes to identify in a nutrition study are
usually masked by several types of variation (inter- and
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intra-participant variation, measurement error and so
on); strategies to minimise these have been outlined ear-
lier in this chapter.

These errors mean that there is a need for the results of
a study to be assessed objectively using appropriate sta-
tistical methodology. This section describes the basic
statistical concepts necessary for the analysis of nutrition
intervention studies. Although tests of hypotheses play a
key role here, it is worth emphasising that the calculation
of confidence intervals for intervention effects can often
be more informative.

In general, statistical techniques require an assump-
tion that the group under study may be considered to be
a random sample from a target population about which
inferences are to be made. In practice, there would be
considerable practical difficulties in mounting an inter-
vention study on a truly random sample from a target
population, and usually a convenience sample such as a
group of healthy volunteers or patients attending a hos-
pital out-patient clinic will be studied. The investigator
should be particularly cautious in any extrapolation of
findings beyond the population from which the study
sample was drawn. It is also worth emphasising that sta-
tistical methods will only take account of sampling error
(i.e. variation arising from the process of sampling); they
cannot quantify the extent of biases attributable to non-
random sampling, particularly bias that may be intro-
duced through losses to follow-up.

Preliminary steps in data analysis

Before attempting any formal statistical comparisons, it
is important to visualise the data with histograms and
scatter diagrams to examine the shapes of distributions,
to check for outliers and to establish the nature of any
relationships between variables.

Suitable descriptive statistics should also be presented
to characterise the participants under study, and an
indispensable step is to construct a table of participant
characteristics by group. For quantitative variables, this
should include both measures of location and measures
of dispersion, typically the mean and standard deviation
for roughly symmetrically distributed variables or the
median and interquartile range for variables whose dis-
tribution is heavily skewed. For categorical variables,
both frequencies and percentages should be included in
this table. In an adequately randomised study it is not
usually considered necessary to perform statistical tests
on these baseline group characteristics, since any differ-
ences observed between groups must be due to chance.

Hypothesis tests for comparing groups

Along with the study design, the scale of measurement of
the response variable is of fundamental importance in
deciding which statistical analysis techniques to use.

Here we provide a brief description of statistical tech-
niques suitable for simple randomisation studies.

Parametric methods

For a study using a parallel groups design and an interval
scale response variable (e.g. weight or blood pressure),
the independent samples t-test will be used to compare
two groups and one-way analysis of variance to compare
three or more groups. For the two-period cross-over
study, a refinement of the paired t-test is available, sug-
gested by Hills and Armitage (2004), which takes account
of the variability attributable to period effects and pro-
vides a test for carryover. If baseline values of a response
variable are available, then changes in the variable during
the intervention may be calculated and used in the analy-
sis. However, if the baseline response values are not highly
correlated with the final response values, then it can be
more beneficial to analyse the final value in an analysis of
covariance with the initial value considered as the covari-
ate. For studies that take more than two serial measure-
ments of response variables, the derivation of a summary
measure such as a slope or area under the curve may per-
mit the application of straightforward statistical tech-
niques and avoid the need for more complex methods for
correlated responses. Intervention effects, often expressed
as means or differences in means, should be estimated
along with their associated 95% confidence intervals.

Non-parametric methods

For ordinal scale outcomes non-parametric methods are
typically employed, with the Mann-Whitney U test used
to compare two groups, and Kruskal-Wallis one-way
analysis of variance of ranks to compare three or more
groups. However, these techniques focus on hypothesis
testing, and confidence limits associated with them are
not widely available. Non-parametric methods may also
be useful for analysing interval scale variables for which
the assumptions necessary for parametric methods are
in doubt. Particularly in small studies, the assumption of
normality in the distribution of the response variable is
important. However, in such situations it may be possi-
ble to avoid resorting to non-parametric methods by
transforming the data (often using a logarithmic trans-
formation to reduce the degree of positive skew) prior to
applying a parametric method.

Contingency table methods

For nominal scale (or unordered categorical) outcome
variables, analysis is performed using chi-squared tests
for contingency tables or Fisher’s exact probability test
where numbers are small. Confidence intervals for pro-
portions, for differences in proportions, for odds ratios
or for risk ratios may also be useful for characterising
intervention effects.
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If information on covariates is available, then it may be
incorporated into an analysis of covariance to improve
the precision of comparisons between intervention
groups for an interval scale response. The technique does
assume that there is a linear relationship between the
response and the covariate in each group and that the lin-
ear relationships are parallel in the groups, assumptions
that should be checked prior to using the method. It may
also be useful in adjusting for chance imbalances between
the intervention groups on factors relevant to the
response. For a two-category response variable, logistic
regression analysis may be employed in a similar way.

The interpretation of analyses involving more than
two intervention groups may be complicated by the mul-
tiplicity of statistical tests. If the aim of an analysis is
restricted to making only a small number of pre-speci-
fied comparisons between groups, as stated in the study
protocol, then multiple testing is less of an issue.
However, tests of hypotheses other than these (e.g.
hypotheses formulated after looking at the results)
require a more conservative approach in the statistical
analysis to limit the risk of false positive findings. A simi-
lar issue arises in the interpretation of tests on multiple
response variables. Ideally investigators should nominate
the primary outcome measure in the study protocol.
Other responses may still be analysed, but a stricter sig-
nificance level may be appropriate to safeguard against
false positive findings.

A recent development in nutrition research has been to
use genomics, proteomics and metabolomics approaches
as endpoints in nutrition intervention studies (see
Chapter 13). Such studies often have multiple endpoints
and no prior hypotheses, which raises similar statistical
issues. If the multiple endpoints are independent, then a
simple Bonferroni correction is sufficient to control the
risk of type 1 error, with a significance level set not at the
level but at the o/k level, where k is the number of end-
points. An alternative approach, which retains more
power than the Bonferroni correction and is more suited
to microarray work, is to control the false discovery rate;
that is, the expected proportion of false positives among
the results that are declared significant. For dependent
endpoints, comparisons are better performed by a permu-
tation test. This involves comparing the largest test statis-
tic obtained in the analyses of the various endpoints, not
with a standard distribution (such as the t distribution or
chi-squared distribution), but instead with its permuta-
tion distribution, obtained by calculating the largest test
statistic in every possible random relabelling of the groups
(or at least in a very large random sample of them).

Intention to treat or per protocol
An important issue in the analysis of interventions is to
decide how protocol deviations should be handled.

Usually the most relevant comparison of interventions
will include all randomised participants who began the
intervention, and the analysis will be conducted on an
‘intention to treat’ (ITT) principle. In an ITT analysis,
once participants have been randomised to intervention
groups, all available results are analysed in the groups to
which they were allocated, regardless of whether or not
the participants complied with the intervention. In
nutrition studies there is often interest in examining
response in the subset of participants who showed the
best, or different levels of, compliance with the interven-
tion (for a discussion of adequate levels of compliance
see earlier in this chapter) and a ‘per protocol’ (PP) anal-
ysis may then be more relevant, even though this
approach has a greater potential for introducing bias into
the comparison of interventions.

Interpretation

The interpretation of study findings, and the discussion
section of a resulting publication, should include a consid-
eration of the study limitations, including any potential
sources of bias (for example imbalance in baseline charac-
teristics), imprecision (in outcome assessments) or an
acknowledgement of the possibility of spurious statisti-
cally significant findings arising from multiple compari-
sons. The generalisability of the study findings should also
be considered and limitations acknowledged. Conclusions
should be confirmed and justified by the accompanying
data. The conclusions should relate directly to the hypoth-
esis, to the intervention at the dose or amount consumed,
and to the population included in the study. Conclusions
about secondary outcome measures should be stated as
such and interpreted appropriately.

Roles and responsibilities of the research
team

Complex issues arise because of potential conflicts of
interest and scientific bias, particularly when research
funding may come from the food industry. Many jour-
nals now require statements of the roles and responsibili-
ties of all members of the research team, including the
funders or sponsors, and declarations of any potential
conflicts of interest. This should be standard practice
when publishing any intervention study.

3.4 Conclusion
Intervention studies are a vital part of nutrition research,

as if well designed they allow the testing of causality.
Nutrition intervention studies vary considerably in study
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design and duration, but there are a number of key
design factors that must be considered when planning
such a study, including the research question or hypoth-
esis; duration; the intervention nutrient, food or diet; the
intervention dose or amount; the control arm and blind-
ing of the control; the primary and secondary outcome
measures (including assessment of background diet);
eligibility criteria; data-collection methodology; and
measuring and encouraging compliance. Early involve-
ment of a statistician in the study team to guide on both
study design and statistical analysis is crucial. Local ethi-
cal approval and research governance procedures must
be followed, and intervention studies registered before
recruitment starts on a publicly accessible database.
Finally, when reporting the results of the intervention,
interpretation should be appropriate and any potential
conflicts of interest, for example when funding has come
from the food industry, should be declared.
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