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A high intake of fruit and vegetables (FV) has consistently been associated with a reduced
risk of a number of non-communicable diseases. This evidence base is largely from prospect-
ive cohort studies, with meta-analyses demonstrating an association between increased FV
intake and reduced risk of both CHD and stroke, although the evidence is less certain for
cancer and diabetes. Controlled intervention trials examining either clinical or intermediate
risk factor endpoints are more scarce. Therefore, evidence that FV consumption reduces the
risk of disease is so far largely confined to observational epidemiology, which is hampered
by some methodological uncertainties. Although increased FV intake is promoted across all
dietary guidelines, national surveys confirm that dietary intakes are suboptimal and are not
increasing over time. A range of barriers to increasing FV intake exist, including economic,
physical and behavioural barriers that must be considered when exploring potential oppor-
tunities to change this, considering the feasibility of different approaches to encourage
increased FV consumption. Such interventions must include consideration of context, for
example, challenges and uncertainties which exist with the whole food system.

Fruit: Vegetables: Dietary intake: Non-communicable disease risk: Prevention:
Behaviour change: Food system: Socio-economic inequalities

A diet rich in fruit and vegetables (FV) is considered
healthy and FV feature in most dietary guidelines
worldwide(1,2). Despite this, population dietary intakes
of FV in the UK and Ireland are low. Trends over
time from the National Diet and Nutrition Survey in
the UK highlight that, since 2008, adult intake has
remained at approximately four portions daily. In
children aged 11–18 years, intake has remained
approximately three portions daily over the same

timeframe, despite the public health advice to consume
five portions daily(3).

In the most recently released data from the National
Diet and Nutrition Survey, adults aged 19–64 years
consumed on average 4⋅3 portions of FV daily. This
figure was 4⋅5 portions in older adults aged 65–74
years, 3⋅9 portions in older adults aged 75 years and
over and 2⋅9 portions daily in children aged 11–18
years. Thirty-three per cent of adults, 40 % of older
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adults (65–74 years), 27 % of older adults (>75 years) and
12 % of children (11–18 years) met the 5-a-day recom-
mendation(3). Mean FV consumption (2016–2019) was
unchanged compared with 2014–2016 in all age groups,
except for the 11–18 years age group, where there was
a 0⋅2 portions/d increase and the proportion meeting
5-a-day increased from 8 to 12 %. Adults aged ≥65
years also had an 8 percentage point increase in the pro-
portion meeting 5-a-day between 2014–2016 and 2016–
2019. Since 2008 there has been a 7 percentage point
increase in the proportion of women (19–64 years) meet-
ing 5-a-day but no change for other age groups(4).

In Ireland the most recent data available are from the
National Adult Nutrition Survey, conducted in 2011,
when average combined FV intake was 192 g/d and the
400 g/d recommendation was met by only 9 % of those
aged 18–64 years and 15% of those aged more than 65
years(5). These low levels of intake observed in Ireland
and the UK are similar to what has also been observed
globally(6,7), including in children(8).

Against this background of low-FV intake, it has been
consistently demonstrated that there are socio-economic
differentials in intake. For example, Maguire and
Monsivais(9) used UK National Diet and Nutrition
Survey data (2008–2011, adults aged >19 years) to
explore socio-economic differences, focusing on the con-
sumption of food groups and nutrients of public health
concern including FV. As socio-economic differentials
can be challenging to capture comprehensively, they
analysed data for three socio-economic indicators –
household income, occupational social class and highest
educational qualification. Using general linear models to
produce covariate-adjusted estimates, there were consist-
ent socio-economic gradients in the consumption of FV
as estimated by all three indicators, with the highest
socio-economic groups consuming up to 128 g/d more
FV than the lowest groups (P < 0⋅05).

Evidence supporting increasing fruit and vegetables
consumption and reduced non-communicable disease risk

A range of studies have explored the association between
FV intake and non-communicable disease (NCD) risk;
these range from ecological studies through prospective
cohort studies to randomised controlled trials, although
the evidence is dominated by observational data.

One of the largest analyses carried out to date is from the
global burdenofdisease study,withananalysis of thehealth
effects of dietary risks in 195 countries between 1990 and
2017(10). This analysis suggests that dietary risk factors sign-
ificantly contribute to NCD, particularly CVD and type 2
diabetes.When thedietary risk factorswith thegreatest con-
tributions tomortality were ranked, fruit intakewas ranked
third andvegetable intakefifth and, for each,CVDmadeup
the majority of the causes of mortality. See Fig. 1.

Many individual smaller studies have explored the
associations between FV intake and NCD outcomes,
and these have now been subject to systematic review
and meta-analysis; two of the most recent and compre-
hensive analyses will be reported here.

Yip et al. recently summarised the previously pub-
lished meta-analyses exploring the global burden of dis-
eases attributable to low-FV intakes, and produced the
best estimates of relative risks(11). They were able to
include data from sixty-four reports that investigated a
total of ninety-eight risk–disease pairs. Fifty-six of
these sixty-four pairs were statistically significant, and
dose responses were observed for thirty-one negative
and two positive associations. The largest linear dose
responses for each 100 g/d increase in fruit intakes was
0⋅56 (95 % CI 0⋅42, 0⋅74) for oesophageal cancer, and
0⋅72 (95 % CI 0⋅59, 0⋅87) for mouth, pharynx and larynx
cancer. Some non-linear dose responses for the first
100 g/d of fruit intakes were also observed and were
0⋅86 (95 % CI 0⋅84, 0⋅88) for stroke and 0⋅89 (95 % CI
0⋅88, 0⋅90) for all-cause mortality. The largest linear
dose response for each 100 g/d increase in vegetable
intakes was 0⋅88 (95 % CI 0⋅80, 0⋅95) for renal cell can-
cer, and 0⋅89 (95 % CI 0⋅84, 0⋅95) for non-Hodgkin
lymphoma. Again non-linear dose responses for the
first 100 g/d of vegetable intake were observed and were
0⋅86 (95 % CI 0⋅84, 0⋅89) for CHD and 0⋅87 (95 % CI
0⋅84, 0⋅90) for all-cause mortality. There were obvious
increases in non-linear protective associations for the
first 200 g/d of intakes, but little further increase or
even a decrease in protective associations beyond intakes
of 300 g/d. There was some indication of variation
according to type of FV; for example, canned fruit intake
was positively associated with all-cause and CVD
mortality, and pickled vegetable intake was positively asso-
ciated with stomach cancer. Therefore, this comprehensive
systematic review, pooling previous meta-analyses using a
novel methodology, supported the existing dietary recom-
mendations for FV intakes, but also suggested that current
comparative risk assessments might significantly underesti-
mate the observed protective associations between FV
intake and disease outcomes.

That novel approach has since been followed by Wang
et al., who initially conducted primary analysis of data
from the nurses’ health study (1984–2014; n 66 719
women) and the health professionals follow-up study
(1986–2014; n 42 016 men)(12). Their analysis was specifi-
cally focused on establishing the optimal intake levels of
FV in order to maintain long-term health. This primary
analysis was followed by the conduct of a dose–response
meta-analysis, which included results from their own two
cohorts, but also twenty-four other prospective cohort
studies.

In the analysis of primary data, a total of 33 898
deaths occurred during the follow-up period. Non-linear
inverse associations of FV intake with both total
mortality and cause-specific mortality (i.e. mortality
attributable to cancer, CVD and respiratory disease)
(all P< 0⋅001) were observed in adjusted models.
Intake of approximately five servings daily of FV (two
servings of fruit and three servings of vegetables) was
associated with the lowest mortality. Above that level
of intake, which reflects most dietary guidelines, higher
intake was not associated with further risk reduction.
When compared with the reference level (set at two ser-
vings/d), a daily intake of five servings of FV was
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associated with reductions in risk with hazard ratios (95
% CI) of 0⋅87 (0⋅85, 0⋅90) for total mortality, 0⋅88 (0⋅83–
0⋅94) for CVD mortality, 0⋅90 (0⋅86–0⋅95) for cancer
mortality and 0⋅65 (0⋅59–0⋅72) for respiratory disease
mortality.

The dose–response meta-analysis was then conducted,
including the new primary analysis already described.
This produced similar results (risk ratio of mortality for
five servings/d (non-linear) = 0⋅87 (95 % CI 0⋅85, 0⋅88);

P< 0⋅001). Higher intakes of most FV sub-types were
associated with lower mortality; exceptions to this were
starchy vegetables such as peas and corn, and, further-
more, fruit juice and potato intake were not associated
with total and cause-specific mortality.

The authors concluded from these two sets of analyses
that higher intakes of FV were associated with lower
mortality, which is not novel, but they also illustrated
that the risk reduction plateaued at ≈5 servings of FV

Fig. 1. Number of deaths and disability-adjusted life-years (DALY) and age-standardised
mortality rate and disability-adjusted life-year rate (per 100 000 population) attributable to
individual dietary risks at the global and Socio-demographic index (SDI) level in 2017: (a)
mortality rate attributable to diet for each disease outcome and (b) disability-adjusted
life-years attributable to diet for each disease outcome(10).
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daily. This is of note, as there has been previous debate as
to whether the 5-a-day recommendation should be
increased, particularly given that it is a target that is
not currently being met(13). As for the previous ana-
lysis(11), findings supported current dietary recommenda-
tions to increase intake of FV, but not fruit juice and
potatoes (considered a vegetable in the USA where the
analysis was conducted).

Issues with evidence linking fruit and vegetables and
non-communicable disease risk

While the observational evidence summarised within sys-
tematic reviews and meta-analyses afore-mentioned
appears to be robust and reproducible, it is largely
based on observational epidemiology, with relatively
few randomised intervention studies being conducted(14).
Such trials with hard clinical outcomes are challenging to
conduct over the time period required with food-focused
interventions that require significant and sustained diet-
ary behaviour change(15,16).

The meta-analyses afore-mentioned explore overall
FV intake, but also start to explore fruit alone, vegetable
intake alone and individual FV types. Dietary guidelines
for FV vary in terms of what is considered a fruit or vege-
table. Key examples include potatoes (considered a vege-
table in the USA but not in the UK or Ireland), fruit
juice (only one glass counted as a portion in the UK
and Ireland) and legumes (only one serving counted as
a portion daily), with potatoes then being considered as
starchy foods and legumes as protein-rich foods. The
impact of individual FV on NCD outcomes may differ,
perhaps due to differences in bioactive content or due
to how they are commonly cooked and consumed, and
literature on this is still accruing(17–19). Another concept
that has received attention is that of FV variety and
whether consuming a variety of FV is important in
terms of maximising health impact, which also reflects
the broader dietary diversity literature(20). The interest
in diversity largely arises from the suggestion that achiev-
ing the requirements for a range of nutrients is likely to
come from eating a more diverse range of foods rather
than consuming a more restricted diet with a limited var-
iety of foods. Although early analysis suggested an asso-
ciation of FV variety with inflammatory outcomes(21), an
analysis exploring more robust CHD outcomes suggested
that absolute quantity, rather than variety, in FV intake
was associated with a significantly lower risk of CHD(22)

and this has been confirmed in a recent meta-analysis(20).
The earlier-reported observational studies rely on

accurate reporting of usual dietary intake. Self-reported
dietary intake is known to be affected by measurement
error, but it has been suggested that misreporting might
be more of an issue for FV than other foods.
Respondents, knowing of the perceived health benefits
of FV, may be more likely to over-report intake, as an
example of social desirability response bias. For example,
Michels et al.(23) reported substantial differences in the
classification of fruit consumption and vegetable con-
sumption when comparing a 7-d diary with a FFQ,

with resulting differences how individuals were ranked
in terms of FV intake. When intakes were classified
into quintiles there was no substantial impact on the
association observed with plasma vitamin C, but the
magnitude of association differed(23). In a further ana-
lysis, Bingham et al.(24) demonstrated that risk of IHD
in the EPIC Norfolk cohort study was associated with
concentrations of plasma vitamin C (P< 0⋅001) and
reported intake of vitamin C and FV when these were
assessed by food diary (P quintile trends = 0⋅001 and
0⋅001 respectively), but this was not the case when
intakes were assessed by FFQ. Given that many of the
studies included in the systematic reviews and
meta-analyses outlined earlier include cohort studies
that have gathered intake data via FFQ, the potential
impact on demonstrated associations has to remain a
concern. One reason for the disparity may be that FFQ
do not adequately account for intake from composite
dishes(25).

Biomarkers, as objective measures of dietary intake,
may help in testing the association of usual FV intake
with NCD and other health outcomes, and a number
of approaches have been used to develop biomarker
approaches, either using more traditional or newly devel-
oped biomarkers(26–29), but also combinations of biomar-
kers to reflect the complexity of this food group(30,31), or
a combination of biomarker and food intake data(32–34).
Innovation in this area will help to improve the robust-
ness of the observational epidemiological evidence sup-
ported increased FV intake and reduced NCD risk.

What happens to overall diet when fruit and vegetables
intake is increased?

FV are a source of vitamins, minerals, fibre and phyto-
chemicals/bioactives as well as carbohydrate (sugars
and starches) and therefore consumption of these foods
is likely to be directly related to functional effects linked
to this content. In addition to the direct effect of FV on
nutrient intake, increasing FV intake may have indirect
impacts on overall diet quality, as increasing intake of
one food group is likely to lead to changes in other
food groups, particularly if FV are substituted for other
foods (e.g. having an apple instead of a chocolate biscuit
as a snack). This has been explored to a limited extent,
looking at pooled analysis of FV interventions and also
via meta-analysis of published literature, although only
at nutrient level(35,36). In both analyses, intake of carbo-
hydrate, fibre, carotene, vitamin C increased and fat
decreased when FV intake increased. The two
approaches did, however, lead to different findings in
terms of energy intake. In the meta-analysis there was
no impact of increased FV intake on energy intake, yet
in the pooled analysis of interventions from a single-
study centre there was an increase in energy intake of
approximately 209 kJ per extra portion of FV consumed.
This contrast may be due to different dietary assessment
methods or, more likely, differences in how dietary
advice was given; importantly there was no effect of
increased FV intake on body weight in this analysis of
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the multiple interventions from a single centre. This con-
trast does serve to indicate that advice to increase FV
intake should specifically mention substitution, as substi-
tution rather than addition will maximise positive effects
of increased FV intake on diet quality. The food choices
made by participants within FV intervention studies
when asked to increase intake could also be more fully
explored to determine how choices made impact on diet-
ary intake and health outcomes.

Challenge of/opportunities to increase fruit and
vegetables intake

Given that worldwide FV intakes are low and are static,
that certain population groups are at particular risk of
low intakes, and that we have relatively robust and repro-
ducible evidence (at least from observational studies and
with the usual caveats about dietary assessment) that
increasing FV intake is associated with reduced NCD
risk, how policymakers might effectively promote FV
intake, and where are the challenges and opportunities
needs to be considered. Current context, including cost
of food, issues around food supply and the impact of cli-
mate change on dietary choices also needs to be taken
into consideration.

To explore interventions that are likely to increase FV
it is useful to draw on the social ecological framework
which has been applied to nutrition by the United
States Department of Agriculture(37) (see Fig. 2). The

framework considers that, when thinking about food
and beverage intake, there will be a range of factors
that influence intake and these can be categorised as indi-
vidual factors (e.g. age, sex, psychosocial), environmen-
tal settings (homes, schools, workplaces, retail and out
of home eating environments), a range of sectoral inter-
ests (government policy, agriculture, marketing and
media) and, finally, social and cultural norms and values
(belief systems, priorities, other aspects of lifestyle, body
image). Such a multi-factor approach starts to capture
the complexity of dietary choice and means that, when
designing interventions that aim to change behaviour,
considering this complexity may help encourage longer-
term and more sustainable behaviour change.

Studies that have explored barriers to FV intake have
identified factors that fit with this model of influencers
of behaviour. For example, Appleton et al.(38) explored
barriers to FV intake in a telephone survey of older
adults (n 426) and found that greater ‘liking’ for FV,
greater ‘awareness of current recommendations’ for
consumption and greater ‘willingness to change’ were
associated with higher intake. ‘Ease of consumption’
and ‘difficulties in achieving consumption’ were not asso-
ciated with FV intake. Similar associations between FV
intakes and ‘liking’ and ‘awareness’ were also found
when population sub-groups were considered, for
example, in those with low-FV intakes or those at risk
of low intakes. Other commonly reported barriers related
to environmental difficulties, such as cost and access,

Fig. 2. Social ecological framework for nutrition and physical activity decisions.Source: Reproduced by Herforth et al. and United
States Department of Agriculture (USDA)(37,94).
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were mentioned but not as frequently and these were not
associated with FV intake.

More recent analysis, which also used a rather differ-
ent methodology, was conducted by Hornsby and
Ensaff(39). They utilised online comments from news
websites with the aim of exploring public perspectives
on FV intake and related government dietary guidelines.
A total of n 2696 web user comments made in response to
the online reporting of a meta-analysis examining FV
consumption and NCD and overall mortality risk were
used. An inductive thematic approach was taken and
four overarching themes emerged: personal factors (e.g.
having children, taste, time, effort and skill), rejection
(e.g. scepticism, quality v. quantity of life debate), lack
of knowledge (e.g. what counts as FV and what is a por-
tion) and food landscape (e.g. cost and availability). The
authors highlighted gaps in understanding of dietary
guidelines, which may be linked to poorer adherence to
guidelines. It was suggested that further work is needed
to examine this lack of understanding but also the rejec-
tion issue and the possibility of message fatigue in the
general population related to diet/health information
and news. The authors also suggested a need for targeted
interventions to increase FV intake with a specific
emphasis on health literacy.

The issue of awareness of FV dietary guidelines has
also been explored in more detail in two studies in UK
populations(40,41). In a first study in low-FV consumers
(n 28), focus group discussions highlighted that, although
participants were aware of FV intake guidelines, they
lacked deep insight into the meaning of the ‘5-a-day’
message, including what FV contributed to the guideline,
as well as understanding re: what constitutes a portion of
FV(41). There was also a sense of confusion regarding the
concept of variety when considering FV intake. The par-
ticipants highlighted a lack of previous education or
available information on FV portion sizes, but also put
forward suggestions for improving knowledge, including
increasing information included on food packaging and
through health campaigns. The second study included a
face-to-face survey (n 507) followed by a postal question-
naire asking similar questions (n 247)(40). Again, the
majority of individuals in both parts of the overall
study were aware of the 5-a-day message and could
recount this correctly. However, specific knowledge of
the details of the message was low, and, importantly,
lower knowledge was associated with lower FV con-
sumption. As previously, respondents had lowest knowl-
edge of the details of the message related to portion sizes
and the need for variety. However, FV consumption was
not independently associated with knowledge of any one
aspect of the message. These studies all suggest that strat-
egies to increase FV consumption would benefit from
including elements focused on increasing UK consumers’
detailed knowledge of the 5-a-day FV message.

Involvement in a short-term FV intervention that
included removal to known barriers to FV intake (access
and cost by providing home deliveries) resulted in longer-
term behaviour change. In a follow-up of a randomised
controlled FV trial in eighty-three older adults (habit-
ually consuming ≤2 portions/d) conducted 18 months

post-intervention, mean FV intakes in both intervention
(five portions FV daily over 16 weeks) and control (con-
tinue on ≤2 portions FV daily) groups were greater than
baseline. At 18 months, both groups reported changes in
barriers such as greater liking and ease in consuming FV
while difficulties with consuming FV decreased. Those
originally in the control group reported significantly
greater awareness of FV recommendations at 18 months
compared to baseline(42). Therefore, participating in an
FV intervention which provided FV and educational
material about intake can lead to longer-term increases
in FV consumption even if participants originally allo-
cated to the control group.

Food literacy and cooking skill barriers to fruit and
vegetables intake

Food literacy describes the proficiency an individual has
in relation to food-related skills and knowledge which dir-
ectly correlates to food choice. The concept is complex and
can be influenced by numerous factors including, but not
limited to, education related to the origin of food, selection,
planning, language, food safety and preparation(43,44).

Cooking skills are a component of food literacy and a
systematic review(45) has been conducted which focused
on community interventions aimed at improving cooking
skills and evaluating the effects of such interventions on
outcomes including confidence and eating behaviour.
The review concluded that cooking skill interventions
can have a positive effect on food literacy, particularly
in terms of improvements in confidence in cooking and
in FV consumption. Vulnerable, low socio-economic
groups tended to benefit more from such interventions.
The authors concluded that cooking skill interventions
are a potential vehicle to improve dietary quality, but
that positive outcomes may be more likely to be realised
if interventions include nutrition promotion and incorp-
orating behaviour change techniques.

A matrix to define cooking skill intervention develop-
ment has recently been developed and published(46). This
will be of real value, firstly in appreciating the complexity
of the various required skills and helping to decide on
content priorities within culinary education programmes
that target improved diet quality and health. The matrix
has six sections including skill focus points for: (1)
kitchen safety, (2) food safety, (14) general food skills,
(47) food group specific food skills, (47) general cooking
skills and (6) food group-specific cooking skills; the final
Cook-Ed™ matrix includes 117 skills on which to focus.
Available resources, participant needs and sustainable
nutrition principles are considered with the result that
the matrix can be adapted based on these and also to
suit regional food-based dietary guidelines and food cul-
tures. In terms of FV, skills specific to this food group are
given (the concept of seasonality, storage life and techni-
ques appropriate for stage of ripeness and nutrient reten-
tion, preparation in terms of cleaning and washing, how
to use food that is approaching end of life or, e.g.
bruised, how to incorporate more vegetables into snacks
or by adapting recipes). Furthermore, adaptations of

Fruit, vegetables and NCD prevention 191

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665123002161 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665123002161


skills where there is limited access to fresh produce due to
finances, availability or ability to safely store, no access
to certain preparation equipment (e.g. blender), or
where there have to be adaptations to preparation meth-
ods to suit, for example, young children, are included.

Eating foods between meals is an opportunity for
specific interventions to encourage increased FV intake.
Indeed, while FV are listed as recommended snack
foods in many national food-based dietary guide-
lines(37,48–52) they can often feature as less popular choices
in studies examining snacking behaviours(53,54). Beyond
this, The Centers for Disease Control and Prevention
advise replacing high-energy snacks with FV as well as
substituting higher-energy ingredients in meals with
FV(55). A systematic review by Skoczek-Rubińska and
Bajerska agreed, concluding that to prevent obesity
(which was the purpose of the review)(56), community
efforts should focus on planning eating occasions, eating
mindfully, promoting more morning snacks and, finally,
replacing energy-dense snacks with more nutritious ones,
such as FV.

Food environment and settings-based interventions

So far, this review has described a range of barriers and
facilitators to increased FV intake, possibilities for inter-
vention in a range of settings and factors reported to
influence FV intake, and how these align with parts of
the social ecological framework. It is also the case that
the majority of interventions focused on increasing FV
considered so far have focused on individual level behav-
iour change. Other approaches, including considering set-
tings and food environment-based interventions, are also
likely to be of value. A range of systematic reviews have
looked at workplace settings and schools as places where
healthier dietary choices can be encouraged(47,57–60).
Many of these conclude that the evidence is strongest
for FV intake positively influencing diet and health out-
comes. It is uncertain as to whether the conclusions
regarding FV are at least partly due to the fact that FV
as a food group has been the subject of most attention
within the research so far conducted. Such focus may be
explained by the FV health-promoting properties or that
it is considered easier to quantify intake of this food
group. Alternatively it may simply be true that the evi-
dence regarding achieving dietary change for FV does
demonstrate greater effectiveness than for other food
groups.

A separate setting for potential intervention is in the
retail sector and supermarkets. A systematic review of
interventions in these settings suggested that most interven-
tions used a combination of information (e.g. awareness
raising through food labelling, promotions, campaigns,
etc.) and increasing availability, but relatively few used pri-
cing interventions(61). The authors also noted that the qual-
ity of included papers tended tobemedium.Themajorityof
studies reported that retail/supermarket-based interven-
tions were effective in promoting increased purchase of
healthy foods. The authors recommend a focus on increas-
ing methodological quality and considering risk of bias in

the design of future studies. However, even considering
the methodological quality of currently available studies
they concluded that interventions which combine price,
information and easy access to and availability of healthy
foods with interactive and engaging nutrition information,
if carefully designed, could help customers in retail settings
buy and consume more healthy foods(61).

Policy frameworks

There is now increasing effort to more formally look at
policy actions across a range of intervention levels and
domains. The NOURISHING framework for reporting,
categorising and monitoring policy actions around the
world has been developed by World Cancer Research
Fund International and is outlined in Fig. 3(62).

Focusing entirely on FV and considering the
NOURISHING framework, Wolfenden et al.(63) con-
ducted an umbrella review to pull together evidence of
the effectiveness of interventions to promote FV con-
sumption. The use of this framework allowed the authors
to identify strategies that may, to date, have been under-
utilised. A total of thirty-two different interventions were
identified, included in nineteen reviews. When strategies
were mapped across the three nourishing domains,
these previously conducted and reported interventions
only covered fourteen of the framework’s sixty-five sub-
policy areas. Of the thirty-two interventions, nineteen
intervention strategies were suggested as effective; these
tended to be (1) strategies implemented within schools,
childcare services, homes, workplaces and primary care,
(2) eHealth strategies, (14) mass media campaigns, (47)
household food production strategies and (47) pricing/
fiscal interventions. The authors concluded that a range
of effective options are available for policy makers and
practitioners who are aiming to improve FV intake.
However, the effects of many strategies, particularly
those targeting agricultural production practices, the sup-
ply chain and the broader food system, have not yet been
reported, even in primary research papers but particu-
larly in systematic reviews. Thus primary studies asses-
sing the effects of these under-explored strategies, with
the subsequent inclusion of the findings in systematic
reviews, are needed to better inform global efforts to
increase FV intake in a sustained way and, ultimately,
improve public health nutrition.

Context: food costs and economic crisis

These discussions have to be set against, firstly the recent
global pandemic, where FV was shown to be reduced by
0⋅7 portions/d(64), likely due to reductions in income and
changes in shopping behaviour potentially resulting in
reduced fresh produce purchase. The current economic
crisis, with rising food costs will also have a potential
impact on FV intake, with 35 % of adults surveyed
between March and June 2022 reporting trying to
spend less on food shopping in response to increases in
living costs(65). Meanwhile a recent report from the Food
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Foundation suggests that the poorest fifth of UK house-
holds is now estimated to spend 47% of their disposable
income on food to meet the cost of the government-
recommended healthy diet(66).

What also has to be borne in mind is the complexity of
the link between FV intake and deprivation, which is not
simply about resource available to buy food, but also
about the local food environment and accessibility. The
link between FV intake and area income deprivation
was the subject of an analysis conducted by
Hawkesworth et al.(67), who investigated the local food
environment and how this was associated with FV intake
in older men and women living in twenty different UK

towns. There was strong evidence of an association
between area income deprivation and FV consumption
in this cross-sectional analysis; those in the most deprived
areas had a 27% (95% CI 7, 42) lower probability of
being in a higher FV consumption category relative to
those in least deprived areas. However, there was no con-
sistent evidence for an association between FV consump-
tion and other food environment factors explored by the
research team, including density of shops selling FV,
density of premises selling fast food, the diversity of
food retail in the local area, the walkability of the local
area, transport accessibility or the local food marketing
environment. This suggests that, unless the effect is

Fig. 3. NOURISHING policy framework identifying policy actions within three domains: food
environment, food system and behaviour change communication that influence how and what
we eat(62).
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small and could not be picked up by this analysis, older
people were less influenced by the physical characteristics
of neighbourhood food environments than might have
been hypothesised or previously suggested, and that
other aspects, perhaps social, might be more important.

Given recent price rises in food, and the need for
higher level interventions that are structural rather than
requiring individual level behaviour change, a number
of studies have examined the impact of food taxes and
subsidies on economic and health outcomes and these
have been systematically reviewed(68–70). Most recently
Andreyeva et al. (n 54 studies; meta-analysis n 15 studies)
showed that FV subsidies increased FV sales but had no
significant effect on consumption, which might be con-
sidered surprising(70). However, studies on consumption
were only based on a small number of studies which
tended to be low quality. It was also highlighted that
the outcomes of FV subsidies were heterogeneous, espe-
cially for sales and the authors suggested that this could
be due, at least in part, to large variation in study design
and quality and the differences in how the subsidies were
delivered, which would not have been captured in this
synthesis, for example variation in type and rate. The
authors state that future evaluations of subsidies should
focus specifically on measuring consumption changes in
both children and adults using adequately powered stud-
ies with more comprehensive dietary assessment. As
more research becomes available, the effectiveness of
specific food taxes and subsidies across designs, food pro-
ducts covered and subsidy jurisdictions can be examined
using further meta-analyses. For now, the authors con-
cluded that the implications for population-level con-
sumption, diet and health outcomes are uncertain.

Context: food supply and impact of climate change

Amongst the strategies to increase FV intake that have been
relatively understudied(63) are food production, the supply
chain and the broader food system.The food system is a rap-
idlychangingsystem,with increasingconcernsaboutclimate
change and resulting impacts on food supply(71). Production
is growing and sufficient and efficient food systems need to
be in place to ensure food security. Almost half of FV sup-
plies are lost or wasted(72) and currently production of FV
is less than the global requirements for healthy, sustainable
diets worldwide(73). Falling crop yields and field losses can
be attributed to climate change. A European Environment
Agency report predicted that climate change could reduce
the European agriculture value by 16% by 2050 due to an
increase in droughts and higher rainfall(74).

The lack of a stable food chain poses concerns for
achieving adequate FV intake and is an area which
needs to be addressed by governments globally. Such
environmental concerns may, at the same time, offer
some opportunities in terms of the FV group. Driven
by sustainability concerns, there has been a large increase
in the availability of plant-based meat alternatives(75,76).
These plant-based meat alternative products often
include FV, particularly vegetables, thus representing

an opportunity to use these products as an indirect
avenue to increase FV intake(76,77).

There may be an impact of climate change on FV pro-
duction and its resulting nutritional content. A system-
atic review that focused on environmental changes and
impacts on yield and nutritional quality of fruits, nuts
and seeds(78) suggested that environmental changes are
likely to reduce yields and, against a background of glo-
bal FV intakes which are already below recommenda-
tions, may adversely affect population health. The
authors evaluated the impact of water availability and
salinity, temperature, carbon dioxide and ozone.
Focusing on the findings for fruit, a total of eighty-one
papers were identified. Reduced water availability and
increase in salinity were associated with reductions in
fruit yield, while increases in carbon dioxide concentra-
tions had positive yield impacts. Evidence for increased
ozone concentrations and increasing temperatures
(>25°C) was relatively scarce, but consistently negative
in terms of yield impacts. The impacts on nutritional
quality were difficult because of a lack of data and
what data existed was mixed. The authors suggest that
adaptation strategies and careful agricultural and food
system planning will be essential to optimise crop prod-
uctivity in the context of future environmental changes
that are likely because of climate change. Such strategies
will be essential to support and safeguard sustainable and
resilient food systems.

The bioactive content of FV, variability in this content
and how this relates to health outcomes is also relatively
understudied(79). It is well known that successful crop
production depends on factors that come into play before
and after harvest. Pre-harvest factors include genetic
background, geographic location, climate, and, most
importantly, growing conditions (soil nutrition, irriga-
tion, fertilisation, attack of insects or micro-
organisms)(79). After harvest, vegetables are stored
under a range of conditions and are then stored and pre-
pared differently by consumers prior to consumption.
The authors of a systematic review(79) aiming to deter-
mine the reporting of the conditions and varieties of
FV used in intervention trials looking at health outcomes
found that there was very little published data regarding
the effects of cultural practices and growing conditions,
the genotype or the post-harvest factors that influence
bioactive compound content. The authors concluded
that there is a real issue in terms of how to compare
the many studies exploring the health benefits of vegeta-
bles, because of the lack of information within the publi-
cations on the variety used, growing conditions and
post-harvest factors. Each of these could influence bio-
active compound content and any heterogeneity in
study outcomes might be related to this variation in con-
tent. It was suggested that such data should be reported
in future human intervention studies; and to do this
will require analysis of the FV being given within these
trials, as food tables will not reflect the full range of bio-
active compounds, or be comprehensive or current in
terms of locally available FV.

Conversely, specific breeding approaches may increase
the content of certain phenolic compounds that could

J. V. Woodside et al.194

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665123002161 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665123002161


enhance the impact on health outcomes(80). Given that
significant diversity in phenolic acid content has been
found amongst cultivars and associated wild relatives
of many vegetable crops, it has been suggested that initial
identification of these sources of variation, followed by
use of modern genomics and biotechnological strategies,
could be used to potentially enhance phenolic content of
vegetables. The generation of new vegetable varieties in
this way may also affect other traits important for variety
success and so a combination of conventional and mod-
ern methods may be required.

FV supply is also changing. Scheelbeek et al.(81) have
analysed UK FV imports and how these have changed,
including the countries they come from and their particu-
lar vulnerabilities to projected climate change. The
effects of these changing imports on the resilience of
the UK food system were also explored. The UN FAO
bilateral trade database was used as the data source to
estimate the changes in UK FV supply over 27 years,
and the Notre Dame Global Adaptation Initiative cli-
mate vulnerability categories used to assess climate vul-
nerability of countries supplying FV to the UK. The
authors found that the domestic contribution to UK
FV supply decreased from 42% in 1987 to 22% in
2013. Over the same period the diversity of FV supply
increased from twenty-one crops (which comprised of
80 % of all FV supplied to the UK) to thirty-four crops
by 2013. It wasn’t only number of crops which changed,
as, between 1987 and 2013 the contribution of tropical
fruit rapidly increased while that of more traditional
vegetables (e.g. cabbages and carrots) declined. The pro-
portion of FV supplied to the UK from climate vulner-
able countries increased from 20% in 1987 to 32% in
2013. The authors concluded that this demonstrated
increased reliance on supply from climate-vulnerable
countries could negatively affect the availability, price
and consumption of FV, with potential downstream
impacts on overall dietary intake and health. Certain
sub-populations, such as older people and low-income
households, may be particularly affected. The authors
point to a need for inter-sectoral actions across agricul-
ture, health, environment and trade, both in the UK
and in countries that export to the UK to increase the
resilience of the food system, and, ultimately, support
population health.

The same research group has modelled the hypothet-
ical adoption of the 5-a-day message(82) and impact on
health but also environmental outcomes. Dietary data
were examined that had been collected in the National
Diet and Nutrition Survey (18 006 food diaries collected
from 4528 individuals). Four different scenarios were
modelled, which differed in terms of their prioritisation
of fruit v. vegetables and whether UK-produced or
imported varieties were being consumed. Greenhouse
gas emissions, blue water footprint and total diet cost
were quantified for each 5-a-day scenario, as were
changes in life expectancy. It was suggested that achiev-
ing the 5-a-day target in the UK could increase average
life expectancy at birth by 7–8 months, reduce
diet-related greenhouse gas emissions by 6⋅1–12⋅2Mt
carbon dioxide equivalents/year and change water

footprint by −0⋅14 to +0⋅07 km3/year. When the differ-
ent scenarios were explored, greater reductions in green-
house gas emissions could be achieved by increasing
vegetable consumption over fruit. In terms of water foot-
print, a greater reduction was obtained by prioritising
vegetable varieties which were UK-produced. Of note,
all consumption pathways increased diet cost (by £0⋅34–
0⋅46/d). These analyses suggest that meeting dietary
recommendations for FV could benefit both population
and environmental health, particularly alongside consider-
ation of FV supply chains.

Recently, concerns over pesticides and pesticide resi-
dues have increased in public discussion and in media
coverage(83). Dietary risk index system results show pri-
marily FV consumption accounts for the majority of
pesticide dietary risks(84). The use of pesticides on crops
raises the question of whether, if the public were to
increase their FV intake would their exposure to pesti-
cides also increase. Due to pesticide health concerns,
some consumers opt for an organic diet to consume
FV with lower levels of pesticide levels. The Soil
Association has seen between 2020 and 2021, an increase
(1⋅8%) in organic produce sales(85). However, due to
higher production costs, the price of organic produce
tends to be approximately 10–40% higher than produce
which has been grown conventionally. The United States
Department of Agriculture has concerns that people may
end up eating fewer FV rather than paying more for
organic produce if they have concerns about pesticide
exposure(86).

Recent analyses have explored whether exposure to
pesticide residues associated with FV modifies the associ-
ation with disease outcomes(87,88). Using data from the
nurses’ health study (1998–2012), the nurses’ health
study-II (1999–2013), and the health professionals
follow-up study (1998–2012) and FV data from FFQ,
FV were categorised as having high- or low-pesticide
residues using a validated method based on pesticide sur-
veillance data obtained from the US Department of
Agriculture. In models which had been adjusted for
potential confounders, a greater intake of low-pesticide
residue FV was associated with a lower risk of CHD
whereas high-pesticide residue FV intake was unrelated
to CHD risk. Compared with those consuming <1 serv-
ing/d of low-pesticide residue FV, those consuming ≥4
servings/d had a 20% (95% CI 4, 33) lower risk of
CHD. The corresponding hazard ratio for high-pesticide
residue FV and CHD was 0⋅97 (95 % CI 0⋅72, 1⋅30)(87).
In a separate analysis focusing on all-cause and disease-
specific mortality, but with the same comparisons (com-
paring consumption of ≥4 servings/d to <1 serving/d),
for low-pesticide residue FV the high intake group had
36% (95% CI 32, 41) lower mortality risk compared to
those consuming <1 serving/d. The corresponding esti-
mate for high-pesticide residue FV intake was 0⋅93 (95%
CI 0⋅81, 1⋅07), and patterns were similar across the three
most common causes of death (CVD, cancer and respira-
tory diseases)(88). These analyses suggest that exposure to
pesticide residues through diet may offset the beneficial
effect of FV intake on mortality and effects on specific
conditions, including CVD. This is clearly of some
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concern but further confirmation of these findings, espe-
cially using biomarkers for assessment of pesticide expos-
ure, is needed. The development of such biomarkers
would help offset many of the current challenges sur-
rounding intake estimates of pesticide residues where
often assumptions have to be made regarding washing,
peeling, processing (all influencing factors) and the pos-
sible combinations of pesticide residues that may be
present.

Advances in science will also help keep abreast of the
evolving nature of pesticide use, whereby differences can
exist between jurisdictions (e.g. EU/UK and USA)
regarding pesticides permitted for use and levels of appli-
cation to crops as underpinned by safety assessments
from regulatory bodies using traditional health bench-
marks(89–92). Whilst regulatory bodies conduct annual
assessments to ensure the safety of our food supply
regarding pesticides(90,91), beyond these assessments, a
holistic approach is needed whereby the balance between
health-promoting aspects of FV (fibre, bioactive com-
pounds) and detrimental aspects (pesticide exposure)
and how these mirror or cancel each other out in these
analyses and, ultimately, in terms of impact on risk
remains to be fully explored. An additional separate con-
cern related to pesticides is that extensive use of fungi-
static agents (i.e. azoles) in agriculture have the
potential to also cause emergence of antimicrobial resist-
ance in non-environmental fungi(93).

Conclusions

FV are a key food group. They are low in energy density
and micronutrient dense. Intake of FV is encouraged
across all dietary guidelines. Increased FV intake has
been consistently associated with improved health out-
comes, although the evidence is largely based on obser-
vational studies. Population FV intake has remained
below what is recommended and this has been consistent
over the past decade. Opportunities for increasing FV
intake are complex, with consideration of the current
context of economic uncertainty and climate change/
food supply issues required. Ultimately, it is likely that
we will need multi-level, coherent and sustained struc-
tural interventions and policies across the full food sys-
tem/supply chain to increase intake. If this is achieved,
benefits to both population and environmental health
could be expected from meeting the FV 5-a-day target.

Financial Support

None.

Conflict of Interest

None.

Authorship

All authors contributed to development of manuscript
plan; J. V. W. drafted the manuscript and A. P. N.,
R. E. M. and M. C. M. critically refined it.

References

1. World Health Organization (WHO) (2003) Diet, nutrition
and the prevention of chronic diseases: report of a Joint
WHO/FAO Expert Consultation, in WHO Technical
Report Series. Geneva: 916.

2. Public Health England (PHE) (2018) A Quick Guide
to the Government’s Healthy Eating Recommendations
[cited August 2022]; available from: https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_
data/file/742746/A_quick_guide_to_govt_healthy_eating_
update.pdf.

3. National Diet and Nutrition Survey (NDNS) (2020)
National Diet and Nutrition Survey: National Diet and
Nutrition Survey Rolling programme Years 9 to 11 (2016/
2017 to 2018/2019) [cited August 2022]; available from:
https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/943114/NDNS_UK_Y9-
11_report.pdf.

4. Public Health England (PHE) (2020) NDNS: results from
years 9 to 11 (combined) – statistical summary [cited August
2022]; available from: https://www.gov.uk/government/
statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-
2018-to-2019/ndns-results-from-years-9-to-11-combined-
statistical-summary#main-findings.

5. Irish Universities Nutrition Alliance (IUNA) (2011)
National Adult Nutrition Survey Main Report. Cork,
Ireland.

6. Miller V, Yusuf S, Chow CK et al. (2016) Availability,
affordability, and consumption of fruits and vegetables in
18 countries across income levels: findings from the pro-
spective urban rural epidemiology (PURE) study. Lancet
Glob Health 4, e695–e703.

7. Gregori D, French M, Gallipoli S et al. (2019) Global,
regional, and national levels of fruit and vegetable con-
sumption from the ROUND (WoRld Map of
COnsUmption of fruit and vegetables and nutrient
DeficitsProject (P18-067-19). Curr Dev Nutr 3, 3130791.

8. McCarthy R, Kehoe L, Flynn A et al. (2020) The role of
fruit and vegetables in the diets of children in Europe: cur-
rent state of knowledge on dietary recommendations,
intakes and contribution to energy and nutrient intakes.
Proc Nutr Soc 79, 1–8.

9. Maguire ER & Monsivais P (2015) Socio-economic dietary
inequalities in UK adults: an updated picture of key food
groups and nutrients from national surveillance data. Br
J Nutr 113, 181–189.

10. GBD 2017 Diet Collaborators (2017) Health effects of diet-
ary risks in 195 countries, 1990–2017: a systematic analysis
for the global burden of disease study 2017. Lancet 393,
1958–1972.

11. Yip CSC, Chan W & Fielding R (2019) The associations of
fruit and vegetable intakes with burden of diseases: a sys-
tematic review of meta-analyses. J Acad Nutr Diet 119,
464–481.

12. Wang DD, Li, Y, Bhupathiraju et al. (2021) Fruit and
vegetable intake and mortality: results from 2 prospective
cohort studies of US men and women and a meta-analysis
of 26 cohort studies. Circulation 143, 1642–1654.

J. V. Woodside et al.196

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665123002161 Published online by Cambridge University Press

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/742746/A_quick_guide_to_govt_healthy_eating_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/742746/A_quick_guide_to_govt_healthy_eating_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/742746/A_quick_guide_to_govt_healthy_eating_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/742746/A_quick_guide_to_govt_healthy_eating_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/742746/A_quick_guide_to_govt_healthy_eating_update.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943114/NDNS_UK_Y9-11_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943114/NDNS_UK_Y9-11_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943114/NDNS_UK_Y9-11_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/943114/NDNS_UK_Y9-11_report.pdf
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://www.gov.uk/government/statistics/ndns-results-from-years-9-to-11-2016-to-2017-and-2018-to-2019/ndns-results-from-years-9-to-11-combined-statistical-summary%23main-findings
https://doi.org/10.1017/S0029665123002161


13. Woodside JV, Rooney C & McKinley MC (2014) The
5-a-day message – should we be aiming higher? Nutr Bull
39, 351–353.

14. Woodside JV, Sun Q, de Roos B et al. (2022) Meeting
report: plant-rich dietary patterns and health. Proc Nutr
Soc 81, 288–305.

15. Welch RW, Antoine JM, Berta JL et al. (2011) Guidelines
for the design, conduct and reporting of human
intervention studies to evaluate the health benefits of
foods. Br J Nutr 106, S3–S15.

16. Lichtenstein AH, Petersen K, Barger K et al. (2021)
Perspective: design and conduct of human nutrition rando-
mized controlled trials. Adv Nutr 12, 4–20.

17. Muraki, I, Imamura, F, Manson, JE et al. (2013) Fruit con-
sumption and risk of type 2 diabetes: results from three pro-
spective longitudinal cohort studies. BMJ (Clin Res Ed.)
347, f5001.

18. Bertoia ML, Mukamal KJ, Cahill LE et al. (2015) Changes
in intake of fruits and vegetables and weight change in
United States men and women followed for up to 24
years: analysis from three prospective cohort studies.
PLoS Med 12, e1001878.

19. Wang T, Heianza Y, Sun D et al. (2019) Improving fruit
and vegetable intake attenuates the genetic association
with long-term weight gain. Am J Clin Nutr 110, 759–768.

20. Mozaffari H, Hosseini Z, Lafrenière J et al. (2022) Is eating
a mixed diet better for health and survival?: a systematic
review and meta-analysis of longitudinal observational
studies. Crit Rev Food Sci Nutr 62, 8120–8136.

21. Bhupathiraju SN & Tucker KL (2011) Greater variety in
fruit and vegetable intake is associated with lower inflam-
mation in Puerto Rican adults. Am J Clin Nutr 93, 37–46.

22. Bhupathiraju SN, Wedick NM, Pan A et al. (2013)
Quantity and variety in fruit and vegetable intake and
risk of coronary heart disease. Am J Clin Nutr 98, 1514–
1523.

23. Michels KB, Welch AA, Luben R et al. (2005)
Measurement of fruit and vegetable consumption with
diet questionnaires and implications for analyses and inter-
pretation. Am J Epidemiol 161, 987–994.

24. Bingham S, Luben R, Welch A et al. (2008) Associations
between dietary methods and biomarkers, and between
fruits and vegetables and risk of ischaemic heart disease,
in the EPIC Norfolk cohort study. Int J Epidemiol 37,
978–987.

25. O’Brien MM, Kiely M, Galvin M et al. (2003) The import-
ance of composite foods for estimates of vegetable and fruit
intakes. Public Health Nutr 6, 711–726.

26. Lloyd AJ, Beckmann M, Favé G et al. (2011) Proline beta-
ine and its biotransformation products in fasting urine sam-
ples are potential biomarkers of habitual citrus fruit
consumption. Br J Nutr 106, 812–824.

27. Brouwer-Brolsma EM, Brennan L, Drevon CA et al.
(2017) Combining traditional dietary assessment methods
with novel metabolomics techniques: present efforts by
the food biomarker alliance. Proc Nutr Soc 76, 619–627.

28. Gibbons H, Michielsen C, Rundle M et al. (2017)
Demonstration of the utility of biomarkers for dietary
intake assessment; proline betaine as an example. Mol
Nutr Food Res 61, 1700037.

29. Woodside JV, Draper J, Lloyd AJ et al. (2017) Use of bio-
markers to assess fruit and vegetable intake. Proc Nutr Soc
76: 308–315.

30. D’Angelo S, Gormley IC, McNulty BA et al. (2019)
Combining biomarker and food intake data: calibration
equations for citrus intake. Am J Clin Nutr 110, 977–998.

31. Gormley IC, Bai Y & Brennan L (2020) Combining bio-
marker and self-reported dietary intake data: a review of
the state of the art and an exposition of concepts. Stat
Methods Med Res 29, 617–635.

32. Cooper AJ, Sharp SJ, Luben RN et al. (2015) The associ-
ation between a biomarker score for fruit and vegetable
intake and incident type 2 diabetes: the EPIC-Norfolk
study. Eur J Clin Nutr 69, 449–454.

33. McGrath AJ, Hamill LL, Cardwell CR et al. (2016)
Combining vitamin C and carotenoid biomarkers better
predicts fruit and vegetable intake than individual biomar-
kers in dietary intervention studies. Eur J Nutr 55, 1377–
1388.

34. McNamara AE, Walton J, Flynn A et al. (2021) The
potential of multi-biomarker panels in nutrition research:
total fruit intake as an example. Front Nutr 7, 577720.

35. Fulton SL, McKinley MC, Neville CE et al. (2017) The
effect of increased fruit and vegetable consumption on
selected macronutrient and micronutrient intakes in four
randomised-controlled trials. Br J Nutr 117, 1270–1278.

36. Fulton SL, McKinley MC, Young IS et al. (2016) The
effect of increasing fruit and vegetable consumption on
overall diet: a systematic review and meta-analysis. Crit
Rev Food Sci Nutr 56, 802–816.

37. United States Department of Agriculture (USDA) (2010)
Dietary Guidelines for Americans. Washington, DC.

38. Appleton KM, McGill R, Neville C et al. (2010) Barriers to
increasing fruit and vegetable intakes in the older popula-
tion of Northern Ireland: low levels of liking and low
awareness of current recommendations. Public Health
Nutr 13, 514–521.

39. Hornsby B & Ensaff H (2021) Perspectives on fruit and
vegetable consumption and government dietary guidelines:
content analysis of comments on news websites. J Med
Internet Res 23, e19917.

40. Appleton KM, Krumplevska K, Smith E et al. (2018)
Low fruit and vegetable consumption is associated with
low knowledge of the details of the 5-a-day fruit
and vegetable message in the UK: findings from two cross-
sectional questionnaire studies. J Hum Nutr Diet 31,
121–130.

41. Rooney C, McKinley MC, Appleton KM et al. (2017)
How much is ‘5-a-day’? A qualitative investigation into
consumer understanding of fruit and vegetable intake
guidelines. J Hum Nutr Diet 30, 105–113.

42. Neville CE, McKinley MC, Draffin CR et al. (2015)
Participating in a fruit and vegetable intervention trial
improves longer term fruit and vegetable consumption
and barriers to fruit and vegetable consumption: a
follow-up of the ADIT study. Int J Behav Nutr Phys Act
12, 58.

43. Vidgen HA & Gallegos D (2014) Defining food literacy
and its components. Appetite 76, 50–59.

44. Truman E, Lane D & Elliott C (2017) Defining food liter-
acy: a scoping review. Appetite 116, 365–371.

45. Garcia AL, Reardon R, McDonald M et al. (2016)
Community interventions to improve cooking skills and
their effects on confidence and eating behaviour. Curr
Nutr Rep 5, 315–322.

46. Asher RC, Jakstas T, Lavelle F et al. (2022) Development
of the cook-Ed™ matrix to guide food and cooking skill
selection in culinary education programs that target diet
quality and health. Nutrients 14, 1778.

47. Food Safety Authority of Ireland (FSAI) (2011) Scientific
Recommendations for Healthy Eating Guidelines in
Ireland. Dublin, Ireland: FSAI.

Fruit, vegetables and NCD prevention 197

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665123002161 Published online by Cambridge University Press

https://doi.org/10.1017/S0029665123002161


48. Food Safety Authority of Ireland (FSAI) (2017) Healthy
Eating, Food Safety and Food Legislation – A Guide
Supporting the Healthy Ireland Food Pyramid. Dublin,
Ireland: FSAI.

49. Food Safety Authority of Ireland (FSAI) (2020) Scientific
Recommendations for Food-Based Dietary Guidelines for 1
to 5 Year-Olds in Ireland. Dublin, Ireland: FSAI.

50. Health and Safety Executive, (HSE) (2021) Healthy Eating
Guidelines [cited September 2022]; available from: https://
www.hse.ie/eng/about/who/healthwellbeing/our-priority-
programmes/heal/healthy-eating-guidelines/.

51. Public Health England (PHE) (2016) Government Dietary
Recommendations [cited September 2022]; available from:
https://www.gov.uk/government/publications/the-eatwell-guide.

52. Shriver LH, Marriage BJ, Bloch TD et al. (2018)
Contribution of snacks to dietary intakes of young children
in the United States. Matern Child Nutr 14, e12454.

53. Fayet-Moore F, Peters V, McConnell A et al. (2017)
Weekday snacking prevalence, frequency, and energy con-
tribution have increased while foods consumed during
snacking have shifted among Australian children and ado-
lescents: 1995, 2007 and 2011–12 national nutrition sur-
veys. Nutr J 16, 65.

54. Centers for Disease Control and Prevention (CDC) (2022)
How to Use Fruits and Vegetables to Help Manage
Your Weight [cited August 2022]; available from: https://
www.cdc.gov/healthyweight/healthy_eating/fruits_vegetables.
html.
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