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Dietary patterns (DP) rich in plant foods are associated with improved health and reduced
non-communicable disease risk. In October 2021, the Nutrition Society hosted a member-led
conference, held online over 2 half days, exploring the latest research findings examining
plant-rich DP and health. The aim of the present paper is to summarise the content of
the conference and synopses of the individual speaker presentations are included. Topics
included epidemiological analysis of plant-rich DP and health outcomes, the effects of diet-
ary interventions which have increased fruit and vegetable (FV) intake on a range of health
outcomes, how adherence to plant-rich DP is assessed, the use of biomarkers to assess FV
intake and a consideration of how modifying behaviour towards increased FV intake
could impact environmental outcomes, planetary health and food systems. In conclusion,
although there are still considerable uncertainties which require further research, which
were considered as part of the conference and are summarised in this review, adopting a
plant-rich DP at a population level could have a considerable impact on diet and health out-
comes, as well as planetary health.
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Dietary patterns (DP) rich in plant foods are associated
with improved health and reduced non-communicable
disease (NCD) risk. Fruit and vegetables (FV) are a
cornerstone of healthy dietary recommendations. FV
include a diverse collection of plant foods that vary in

their energy, nutrient and dietary bioactive contents.
FV have potential health-promoting effects beyond pro-
viding basic nutrition needs in human subjects, including
antioxidant and anti-inflammatory properties, yet current
global intakes of FV are well below recommendations.
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Given the importance of FV for health, interventions
that promote FV intake are warranted.

A plant-rich DP, as compared to current average diets
in the Global North, is likely to have health benefits on a
range of NCD, but is also likely, if followed on a popu-
lation level, to have beneficial impacts on planetary
health(1). There are different degrees of dietary restriction
in terms of removing foods of animal origin and increas-
ing intakes of foods of plant origin. Therefore plant-
focused DP can range from a vegan diet which avoids
all food of animal origin, through a vegetarian diet
which avoids meat, to an omnivorous DP which is still
rich in FV. There are some uncertainties regarding the
ability of an individual to meet nutritional requirements
when following the more restrictive DP (i.e. vegan and
vegetarian), particularly in terms of micronutrients (e.g.
vitamin B12), although increasing dietary diversity can
help support the maintenance of adequate nutrient
intake. There can also be significant variations in diet
quality even within DP that are similarly plant-rich.
Finally, costs of healthier foods such as FV, particularly
when expressed adjusted for energy density, have fre-
quently been demonstrated to be higher, which means
that the known socioeconomic differential in dietary
quality is likely to be enhanced as increased FV intake
is promoted.

In October 2021, the Nutrition Society hosted a
member-led conference, held online over 2 half days,
exploring the latest research findings examining
plant-rich DP and health. The term plant-rich DP
was used rather than plant-based DP as the full spec-
trum of degrees of food group restriction outlined
earlier was included. The conference attracted more
than 380 registered delegates. A range of invited
speakers covered topics including epidemiological ana-
lysis of plant-rich DP and health outcomes, the
effects of dietary interventions which have increased
FV intake on a range of health outcomes, how adher-
ence to plant-rich DP is assessed, the use of biomarkers
to assess FV intake and a consideration of how modi-
fying behaviour towards increased FV intake could
impact environmental outcomes, and food systems.

Speaker summaries

Plant-based diets and cardiometabolic health

The conference opened with a presentation by Dr Qi
Sun from the Harvard TH Chan School of Public
Health, exploring epidemiological evidence linking
plant-based diets, which will be important in terms of
improving planetary health, and cardiometabolic
health, but also offering mechanistic insights as to
how such diets might affect health outcomes. Dr Sun
suggested that any observed associations with disease
outcomes have to be further explored in terms of their
biological plausibility or mechanisms. Mechanistic path-
ways can be explored through a multi-layer systems epi-
demiology approach(2), including disease risk factors, e.
g. blood lipids, glycaemic markers, BMI, blood pressure
and omics data, including metabolomics of endogenous

metabolites, metabolomics of functional exogenous
compounds, microbiome, proteomics and other omics
data, to examine candidate pathways or discover new
pathways. The last layer integrates multi-omics with
genomics and exposome data to further shed light on
mechanisms and whether mechanisms differ according
to sub-groups.

Despite the fact that we know plant-based diets are
healthy, in the era of precision medicine, a new question
arises that whether a healthy diet can really benefit every-
one. Given the between-individual variability that is
determined by, for example, genetics, existing conditions,
culture differences, it may be unrealistic to assume that a
good diet is equally beneficial to everyone. This is the
basis of the framework of precision nutrition(3). This
framework emphasises collecting comprehensive dietary
and lifestyle data, using multi-omics approaches to under-
stand biological responses to these environmental factors,
using big data analysis strategies to interrogate the data
and lastly developing algorithms to predict who might
respond well to dietary interventions and who might not.

Dr Sun then highlighted some of the latest studies
related to precision nutrition research to understand the
mechanism by which plant-rich DP may impact on
health outcomes, and whether this impact is similar for
all. Most precision nutrition studies to date have focused
on macronutrients, although plant-based diets are com-
plex, as they can take many different forms depending
on the combinations of individual plant-based foods,
with resulting variability in the composition of phyto-
chemicals (e.g. flavonoids, lignans, glucosinolates, cou-
marins, lycopene, α- and β-carotenes). Given this
complexity, while it is necessary to conduct precision
nutrition studies to understand the variation in response
to whole plant-based diets, it is also important to under-
stand the metabolism of phytochemicals that can be
highly variable among individuals.

In this regard, a series of studies have examined
between-person variabilities in the bioavailability of
compounds such as flavanones, enterolignans and isofla-
vones in controlled feeding studies in which participants
consumed the same amount of test foods. There are
many factors such as genetics, pre-existing conditions
or even chewing, that can modify variation in response,
but gut microbiome will also be important, and Dr Sun
presented some key samples of this(4–7).

Inter-relationships between plant-based diets, gut
microbiome and cardiometabolic health have been exam-
ined, for example, with Li et al.(8) assessing overall plant-
based diet index or PDI, the healthy PDI, the unhealthy
PDI and individual components in more than 300 men
within the health professionals follow-up study.
Investigators found very similar profiles of species that
were associated with both overall PDI and healthy
PDI, but the findings were quite different for the
unhealthy PDI(8).

In conclusion, consuming a plant-based diet is import-
ant to the health of human beings and the planet, but Dr
Sun argued that precision nutrition research is needed to
understand inter-individual variabilities in responses to
plant-based diets, suggesting it is important to
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understand the food metabolome and the determinants
of between-individual variabilities. Specifically human
gut microbiota may play a pivotal role in determining
the health benefits of consuming plant-based diets, but
more research is needed.

Inter-individual variation in response to consumption of
plant food

The second speaker was Professor Baukje de Roos from
The Rowett Institute at the University of Aberdeen, who
similar to Dr Sun, focused on inter-individual variation
in response to consumption of plant food, but who also
considered implications for dietary guidelines.

Professor de Roos initially gave an overview of the
current evidence for inter-individual variation in
response to consumption of plant-based foods. There
are a number of ways to identify inter-individual vari-
ability in dietary response and these include data stratifi-
cation, systematic analyses of published data which
reveal factors driving inter-individual variability in
responsiveness to consumption of plant-based bioactives,
with respect to clinical cardiometabolic biomarkers and
finally more advanced study designs and statistical
tools to identify responders and non-responders and
develop prediction models of response. A number of
studies were highlighted which used the data stratifica-
tion approach (e.g. a critical review of clinical outcomes
in response to coffee consumption(9)). Most studies using
this approach do not, however, have enough statistical
power to really explore stratification. Moreover, the sys-
tematic analyses of published data tend to include studies
which have been conducted for another purpose and
have not been specifically designed or powered to detect
novel factors associated with response.

What is required are specifically designed studies or
analyses to systematically determine factors associated
with heterogeneity in response to a particular food or
diet and Professor de Roos outlined a statistical analysis
pipeline that might be used to assist with this. Work to
date has indicated that no one method is consistently bet-
ter than others and different models and approaches may
be required for different datasets. What is also important
is, as Dr Sun had also suggested, exploring mechanisms
underpinning inter-individual variability and Professor
de Roos discussed the microbiome, seeing as it plays an
important role in the metabolic fate of plant-based bioac-
tives and individual level responses to dietary polyphenol
intake. For example, a trial exploring the effect of soya
isoflavones in equol producers and non-producers
found effects on carotid-femoral pulse wave velocity
only in those who were equol producers(10).

Considering potential implications for dietary
guidelines that aim to encourage consumers to shift to
more plant-based diets, Professor de Roos used the
‘Five a Day’ and fibre dietary guidelines as examples.
Although the ‘Five a Day’ message is well known,
there is complexity over what is included in the message
and the guideline has not been successful in changing
intake, particularly in more disadvantaged communities,
with little change observed in the National Diet and

Nutrition Survey over the past 15 years(11). Professor
de Roos suggested that personalised and precision
approaches may make adherence to current dietary
guidelines easier, more attractive and more inclusive,
and asked whether, if simple current guidelines have
not been effective, could potentially more complicated,
but more precise, dietary guidelines be more effective.
The effect of personalised nutrition advice at an individ-
ual level has been demonstrated in the Food4Me study,
where, following a 6 month intervention, participants
randomised to personalised nutrition arms consumed
less red meat, salt and saturated fat, increased folate
intake and had higher healthy eating Index scores than
those randomised to the control arm(12). Food4Me spe-
cifically tested personalised dietary advice but there is
also a need to understand, via the lens of precision nutrition,
the responders to dietary change and factors determining
response to dietary change; Professor de Roos concluded
by suggesting that such approaches could be important
for both primary and secondary NCD prevention.

Assessing fruit and vegetable intake: the use of
biomarkers

The next presenter was Professor Lorraine Brennan from
University College Dublin, who explored the use of bio-
markers to assess FV intake. Professor Brennan initially
highlighted the interest in dietary biomarker assessment,
given the known limitations of traditional dietary assess-
ment methods. Professor Brennan pointed out that, while
objective biomarkers can be useful and deal with some of
the weaknesses of traditional methods, that they will
never negate the need for the use of the traditional
self-reported methods such as questionnaire/diary
methodologies to, for example, provide the context of
how people are eating. The novelty will be in trying to
use the self-reported data in combination with the new
and emerging biomarkers. Professor Brennan pointed
to the range of reviews carried out by the FoodBall
consortium including those focused on FV and then dis-
cussed the range of ways in which these biomarkers can
be used, including to measure adherence to a dietary
intervention(13), to provide objective measures of dietary
intake, to correct self-reported dietary intake data(14) and
to explore relationships with health/disease parameters.

Professor Brennan then looked at an example of a bio-
marker of FV intake that could be considered an object-
ive measure of dietary intake. In an ideal world
biomarker concentration would be determined in a bio-
logical sample and allow calculation of food intake in g
daily. An example where this works is for proline beta-
ine, where acute feeding studies demonstrated increased
urinary proline betaine excretion as intake increased. In
comparison to a 4 d semi-weighed food diary reporting
citrus intake data from the National Adult Nutrition
Survey , biomarker data from controlled feeding studies
were used to estimate intake based on urinary analysis
using test and confirmation datasets. Predicted orange
juice intake based on both 24 h and fasting urine sample
proline betaine data was highly correlated with actual
reported orange juice intake (r 0⋅86–0⋅92)(15).
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Such findings have applications in epidemiology in
terms of using biomarkers to correct measurement
error in studies with traditional dietary assessment via
the use of calibration equations(16). This possibility was
demonstrated successfully and the calculation methods
are available online(17); in terms of the question of how
much biomarker data would be needed to be able to con-
duct such calibration, the conclusion was that biomarker
data would be needed for approximately 20–30 % of the
population. Although this example was for citrus intake,
there are further examples, using similar approaches but
applying them to different foods.

Recent work has highlighted that for many foods a
biomarker panel approach will be required. Professor
Brennan described a dose–response study attempting to
categorise participants into categories of intake, then val-
idating it using the cross-sectional national adult nutri-
tion study(18). Using the three biomarkers xylose,
proline betaine and hippurate, a set of combined bio-
marker cut-offs were developed related to fruit intake
category; applied to the National Adult Nutrition
Survey data; the biomarker and self-report data were
very compatible, with some levels of disagreement at
the lowest and highest categories(18).

Ultimately it would be valuable to be able to use these
panels of biomarkers to describe what people are eating –
this requires complex statistics so the Brennan group
have developed a new framework that would allow the
modelling of multiple markers against continuous dietary
intake data; this is called multiMarker software(19). It
gives intake prediction and also CI around that estimate;
an app and R-package are also freely available(19).
Professor Brennan predicted that we will see more of
these panels of biomarkers being developed and used
for different foods.

The potential of combinations of objective biomarkers
to predict DP and group people into these patterns based
on their urinary metabolomics profile without the use of
self-reported data was then discussed. Again the model
was based on one dataset and then tested in a separate
dataset. Four DP were identified based on urinary meta-
bolites which were associated with nutrient status and
these patterns were demonstrated to be reproducible
over four timepoints(20).

Biomarkers may be influenced by other factors, includ-
ing genetics and microbiome, as well as food intake. This
does not preclude their use as biomarkers of food intake
but this possibility of other influences does need to be
acknowledged and accounted for when examining links
with health parameters, disease risk factors and disease
outcome measures.

Professor Brennan then concluded, stating that
metabolomics can lead to the identification of food
intake biomarkers, but that these biomarkers do need
to be validated using robust methods. In the examples
given, it was demonstrated that biomarkers can perform
well for determining intake compared to 4 d food records
(e.g. proline betaine) and to classify people into categor-
ies of fruit intake using a panel of biomarkers. There is
great potential for combining biomarkers with food
intake data but the statistical methods and models to

achieve this still require further development. In terms
of challenges, more work is required exploring
unassigned features in metabolomics profiles and there
is a need for international alignment and efforts in this
area. Validation requirements have already been devel-
oped; the development of biomarkers and biomarker
panels for DP shows promise but is at an early stage,
as is the methodology about combining biomarker data
with traditional dietary assessment methods.

Fruit and vegetable intake and cardiovascular risk factor
status: conducting pooled analysis

The second session of the meeting began with Professor
Jayne Woodside, of Queen’s University Belfast, who
based her talk on the fact that the majority of studies
exploring FV intake and both CVD risk and CVD risk
factors are observational in nature. Latest analyses of
the nurses’ health study (1984–2014) and health profes-
sionals follow-up study (1986–2014) demonstrate that
daily intake of five servings of FV has been associated
with hazard ratio (95 % CI) of 0⋅87 (0⋅85–0⋅90) for
total mortality and 0⋅88 (0⋅83–0⋅94) for CVD mortal-
ity(21), with a dose–response meta-analysis of published
literature yielding similar results (summary relative risk
mortality for five servings daily = 0⋅87 [95 % CI 0⋅85–
0⋅88])(21). However, demonstrating causality within the
observational setting is difficult and such confirmation
of causality relies on other study designs and ideally
intervention studies. Intervention studies requiring long-
term dietary change to demonstrate impact on hard clin-
ical outcomes are challenging within nutrition, and there-
fore intermediate outcomes, such as cardiovascular risk
factors, are often utilised(22).

Professor Woodside’s group has conducted a series of
FV intervention studies(23–28) with a range of primary out-
comes, including microvascular function (via venous occlu-
sion plethysmography)(23,25), immune function (vaccine
response)(26), oxidative stress and inflammation(27) and
insulin resistance (two-step euglycaemic-hyperinsulinemic
clamp)(28). All studies also included a panel of CVD end-
points as secondary endpoints, and therefore an analysis
has been conducted aiming to determine the effect of
increased FV intake on blood pressure, lipids and
C-reactive protein, using data generated from the six
separate FV intervention trials where these variables
were measured as secondary outcomes.

As the methods in terms of dietary intervention and
outcome assessment were conducted using similar meth-
odologies(23–28), secondary analyses of previously con-
ducted FV intervention were possible, although these
were not originally specifically designed or powered to
address the research questions. The resulting sample size
was large and therefore secondary datasets can be a useful
resource to address novel research questions, with appro-
priate consideration of strengths and limitations.

Plant-rich dietary patterns and health: does the type of
fruit and vegetable matter?

Professor Eric Rimm, from the Harvard TH Chan
School of Public Health, discussed plant-rich DP and

Plant‐rich dietary patterns and health 291

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/S002966512200266X Published online by Cambridge University Press

https://doi.org/10.1017/S002966512200266X


health, exploring whether the type of FV matters. His
talk was largely based on observational data from the
nurses’ health study and health professionals follow-up
study with repeated measures of diet and follow-up for
over 40 years. While evidence for overall FV and chronic
disease outcomes is consistent, less evidence exists that
has focused on sub-types of FV. The latest meta-analysis,
as already presented by Professor Woodside, suggested a
maximum benefit of FV intake at five portions daily with
a plateau at higher intake levels, with estimates for FV
intake being two portions and three portions respect-
ively(21). The concept of FV variety and whether this is
important has also been explored; the conclusion of
this analysis was that amount was more important than
variety, although statistically this is challenging to com-
prehensively explore(29). To look at individual FV is
more challenging due to differences in FV consumed
across the globe and how these are measured, but to con-
duct clinical trials with hard clinical outcomes is also
unlikely, as Professor Woodside had already observed,
so we need to explore and utilise observational data as
much as possible.

Professor Rimm discussed the variety in composition
of FV in terms of starch and also polyphenol and other
bioactives, and asked whether it is reasonable to assume
that each type will have similar impact on disease risk.
He focused mostly on berries, because of their high poly-
phenol, and specifically flavonoid, concentrations; flavo-
noids have a range of biological functions in plants,
contributing to colour, flavour and play a role in symbi-
otic plant–microbe interactions.

Within the Harvard cohorts, dietary intake is assessed
via food frequency questionnaires and, while exact
intakes may be challenging to measure, these tools can
accurately differentiate low or high consumers. Linking
intake to NCD risk, there is a difference according to
the type of fruit consumed; for example for risk of type
2 diabetes (T2D), fruit such as apples and pears, prunes,
grapes and raisins and blueberries were more strongly
inversely associated with T2D outcomes than other
fruit(30). Further analysis has looked at change in FV
intake and weight change; greater intake of both fruit
and vegetables was associated with less weight gain(31).
Genetically associated increased BMI and body weight
may also be mitigated by increasing FV intake, with
the beneficial effect of increasing FV intake on weight
management being more pronounced in individuals
with greater genetic susceptibility to obesity. Looking
at individual fruit intake, again the flavonoid-rich fruits
such as blueberries were associated with less weight
gain(32). The cruciferous and leafy green vegetables
and, to a lesser extent, legumes were all associated with
less weight gain(32). Vegetables that were associated
with relative weight gain were the more starchy vegeta-
bles including peas and maize (and potatoes, although
they are not classified as a vegetable in all countries)(32).

Given these associations, it is then of interest to
explore whether there are certain compounds which con-
tribute to the observed heterogeneity in association with
clinical outcome, with anthocyanins one of the classes of
compound studied. Blueberries are a rich source of

anthocyanins, and associations with hypertension,
T2D, stroke, heart disease and cognitive function have
been demonstrated. Based on these observational ana-
lyses, a trial was developed exploring the dose–response
effects of increased blueberry intake on vascular function
and other biomarkers of vascular and metabolic health
over 6 months(33). Clinically significant improvements
in robust vascular measures in flow-mediated dilatation
and augmentation index were demonstrated which were
of a magnitude that would be likely to improve CVD
risk.

FV each have their own biological properties and the
food group is heterogeneous; many FV have very potent
bioactives especially when consumed at consistent levels
over time. Professor Rimm concluded that, from a public
health perspective just advising people to eat more FV
may not be successful and we need to find ways of pro-
moting healthy swaps, for example, communicating the
message to eat fewer less healthy foods, to include
some FV and replace certain FV with other more bio-
active FV.

Plant-based diet quality, plant protein and
cardiometabolic health

Professor Frank Hu from the Harvard TH Chan School
of Public Health then discussed plant-based diet quality,
plant protein and cardiometabolic health. There is strong
evidence from meta-analyses of epidemiological studies
that a higher intake of plant-based foods is associated
with lower risk of hypertension, CVD, cancer and overall
mortality, and Professor Hu summarised meta-analyses
e.g. of whole grain and mortality(34), nuts, CVD, cancer
and mortality(35) and legumes, and inverse associations
have been demonstrated for all. Professor Hu pointed
out that not all plant-based diets are healthy, as Dr
Sun had already demonstrated, and quality is important,
whatever the overall DP(36,37). An example of a new DP
approach is exploring the inflammatory potential of the
diet – the higher the pro-inflammatory potential of habit-
ual diet has been associated with higher CVD risk(38). A
high pro-inflammatory diet is characterised by a higher
intake of red meat, processed meat, organ meat, refined
carbohydrates, sugar-sweetened beverages and lower
intake of FV, whole grains, tea, coffee and wine; the
food which had the strongest anti-inflammatory potential
was coffee, which is likely to be due to its bioactive
content.

Considering dietary protein type, most of our protein
comes from animal sources and less than one-third
from plant sources (including legumes, nuts, seeds and
some veg). Conventional wisdom is that we need to eat
more protein(39) but data from EPIC-Oxford, which
compared vegetarians and non-vegetarians, revealed
that percentage of energy from protein decreased as
degree of restriction of animal protein increased, yet for
all participants protein intake exceeded what was recom-
mended(40), so for economically developed countries pro-
tein intake is usually adequate. Analysis comparing
amino acid composition of animal v. plant-based protein
suggests that animal protein sources tend to have higher
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levels of essential amino acids, and plant-based protein
non-essential amino acids. Protein sources have been
defined in terms of quality based on this distinction,
but this does not mean that animal protein sources
such as eggs and milk are better quality foods in terms
of health outcomes. One misperception is that certain
plant foods are entirely devoid of specific amino acids
and thus that protein adequacy cannot be supported by
plant foods alone. In fact almost all plant foods contain
all twenty dietary amino acids and mixed meals that con-
tain a variety of plant foods can make up for the lower
levels of certain essential amino acids of individual
foods by complementing each other (therefore termed
complementary proteins). Professor Hu therefore sug-
gested that it is more useful to consider the protein qual-
ity of plant-based meals or diets rather than individual
foods(39). Compared to animal protein, plant protein
has been associated with improved insulin sensitivity,
lower blood pressure and better lipid profile, with substi-
tution of plant protein for animal protein also related to
lower risk of CVD and T2D(41,42). Furthermore the
choice of protein source will inevitably influence other
components of diet, including macronutrients, micronu-
trients and phytochemicals and, therefore, the concept
of ‘protein package’ is very important.

In epidemiological studies it is difficult, if not impos-
sible, to tease out the health benefits of plant protein
from other components of plant foods; plant protein-rich
DP are a continuum rather than a dichotomy, because few
vegetarians or vegans are included in existing cohort stud-
ies. Dietary intervention studies have tested plant foods
such as nuts and whole grains and isolated plant proteins
(soya, pea) on cardiometabolic biomarkers such as blood
lipids, blood sugar and blood pressure (e.g.(43)). In both
epidemiological studies and intervention trials, the
replacement foods or macronutrients are important. It is
also critical to look at plant-based foods and DP through
both health and environmental lenses.

Meta-analyses of randomised control trials of plant
foods on blood lipids – tree nuts, walnuts, almonds,
soya protein and pulses have all been shown to be effect-
ive on a range of lipids, e.g. LDL-cholesterol has been
reduced by 5–10% which is clinically meaningful, i.e.
such a reduction would likely lead to a reduction in
CVD risk(44). Such an estimate has been supported by
a series of interventions with the portfolio diet, which
includes 45 g nuts daily, 50 g plant protein, 30 g viscous
fibre and 2 g plant sterols, with a 30% reduction in
LDL demonstrated compared to a control diet(45); such
a reduction is comparable to a statin.

Analysis of the Harvard cohorts shows that animal
protein intake is slowly decreasing over time while
plant protein is increasing(46). Higher consumption of
animal protein is associated with increased risk of T2D,
with the opposite being the case for vegetable protein(47),
and a similar trend has been observed for CVD mortal-
ity(46). Estimating the effect of replacing 3 % of energy
from animal sources by plant protein was estimated to
reduce mortality(46). An inverse association between
isoflavone intake and risk of CVD in the cohorts has
also been observed, and these are found in soya protein

products(48). The investigators also explored the impact
of substituting one serving daily or other protein sources
(including fish, poultry, nuts, legumes, low-fat dairy and
whole grains) for one serving red meat daily and this sub-
stitution was associated with a 7–19 % lower mortality
risk. It was estimated that 9⋅3% of premature deaths in
men and 7⋅6 % in women could be prevented if all indivi-
duals consume fewer than 0⋅5 servings daily (42 g red
meat daily)(49). Such data suggest the potential of
major health benefits as a result of small dietary shifts
without promoting the complete avoidance of meat.

Metabolomic approaches have identified metabolites
that discriminate between animal protein and plant
protein-rich diets and higher concentrations of plant pro-
tein metabolites such as glycine and glutamine have
been associated with reduced cardiometabolic risk(50). A
recently published paper looked at host and gut microbial
tryptophan (derived from animal protein) metabolism and
T2D risk has supported the suggestion that the effects of
fibre-rich diets on beneficial metabolites are partly
mediated through gut microbiome composition(51).

Professor Hu finished with a discussion about plant-
based meat alternatives and whether they can be part
of a healthy and sustainable diet(52). These are products
made from plant protein and engineered to mimic the
taste and texture of meat. The suggestion is that the
environmental impact of these products will be lower,
but the nutrient composition is often not optimal, with
high amounts of sodium and saturated fat in many of
these highly processed products. Haem iron also tends
to be added to many of these products and a higher
haem iron intake has been associated with increased
body iron stores and risk of T2D. Recently a crossover
trial of plant-based meat alternatives has been conducted
over 8 weeks; trimethylamine-N-oxide was reduced as
LDL-cholesterol and body weight during this time(53).
These results are encouraging but further research is
required in larger studies and over longer duration. To
conclude, Professor Hu suggested that not all plant
foods and plant-based diets are healthy and that when
exploring these diets it is important to look through
both health and environmental lenses. All protein
sources are also not equal – an approach to better dietary
choices is to eat a little less red meat, and enjoy more var-
iety by incorporating minimally processed plant-based
protein sources such as beans, nuts, whole grains and len-
tils. The protein package is important; plant-based pro-
tein sources have other beneficial nutrients and
bioactive compounds and it may be prudent to include
grains with higher protein:starch ratio (oats, quinoa, bar-
ley, brown rice). Technological innovations such as
plant-based meat alternatives and lab grown meat have
the potential to reduce the environmental impact of the
food system but their longer-term impacts on human
health remain to be seen.

European children’s eating habits with a focus on fruit
and vegetable intake

Dr Mirjam Heinen, from the WHO, started the second
day by describing European children and adolescents’
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eating habits with a focus on FV. She reminded the audi-
ence that optimal nutrition is essential for achieving sev-
eral of the sustainable development goals and that many
sustainable development goals impact nutrition security,
hence nutrition is linked to goals and indicators beyond
goal 2 which addresses hunger(54). The WHO-defined
European region includes eastern European and some
Asian countries and the region is strongly affected by
challenges imposed by the overconsumption of foods
high in salt, fat and sugar and the underconsumption
of FV. Unhealthy DP account for a large share of the
NCD burden in the region.

The WHO has two large surveillance studies that col-
lect data in children and adolescents. The first, the
Childhood Obesity Surveillance Initiative, collects data
in primary school children(55) and measures trends in
underweight, overweight and obesity in primary school
children (6–9 year olds) at regular intervals. It aims to
fill the gap in available inter-country comparable
anthropometric data of primary school children using
measured weight and height; this allows understanding
of progress, monitoring of policy response to the obesity
epidemic, encourages the countries involved to share
experiences and resources and addresses the needs of
public health programmes, avoiding duplication of effort
in terms of data collection. Mandatory items include
measured weight and height and some school environ-
ment characteristics; optional items include waist and
hip circumference, physical activity, co-morbidities, fam-
ily socioeconomic status and dietary intake patterns
including fresh fruit (excluding fruit juice and dried
fruit) and vegetables (excluding potatoes). Since its
launch in 2007, Childhood Obesity Surveillance
Initiative’s participation rates have increased from thir-
teen to forty-three countries, including those outside of
the EU. The number of children included in round 4
(2017/2018) is about 400 000, and, based on this popula-
tion, 29 % of boys and 27 % of girls were living with over-
weight or obesity (one in ten with obesity)(55). There was
marked variation in breakfast eating frequency and
sugar-sweetened beverage consumption across countries;
similarly for fresh fruit, just under 50 % of children
reported consuming fresh fruit daily, but this varied
from 18 to 80 %; overall only nine countries out of
twenty-three included more than half of children report-
ing daily intake(55). Girls reported more frequent con-
sumption than boys. For vegetables, less than 30 %
reported daily intake, with this ranging from 74% in
San Marino to 9 % in Spain. Overall, only four out of
twenty-three countries had >50% of children reporting
daily vegetable intake(55). As for fruit, girls were more
likely to eat vegetables daily compared to boys(55). In
terms of availability in schools, there was variation
across the region, with some countries having fruit avail-
able free of charge in the majority of schools and in a
minimal number of schools in other countries(55).

The odds of not consuming fresh fruit daily by paren-
tal education was calculated and children whose parents
had lower education status were more likely to not eat
fresh fruit daily v. those with higher parental education
(adjusted pooled OR 1⋅48 (95 % CI 1⋅29–1⋅70)). A

similar association was observed in terms of family per-
ceived wealth (adjusted pooled OR 1⋅83 (95 % CI 1⋅64–
2⋅04)), but the picture was less clear according to parental
employment(56). For vegetables, similar patterns were
seen for parental education (adjusted pooled OR 1⋅36
(95 % CI 1⋅18–1⋅57)), and for family perceived wealth
(adjusted pooled OR 1⋅37 (95 % CI 1⋅20–1⋅57)) and
either a weak or no association was seen in terms of
daily vegetable consumption and parental employment.
In terms of urbanisation of school location, no significant
associations were found in two out of three countries and
in the remaining countries results were mixed with small
effects(57).

The second surveillance study presented by Dr Heinen
was the health behaviour in school-aged children study
conducted in adolescents(58). It is a cross-national
research study and every 4 years data are collected on
11-, 13- and 15-year olds’ health and well-being, health
behaviours and social environments with an aim of gain-
ing new insights into young people’s health and well-
being, an understanding of the social determinants of
health to inform policy and practice to improve young
people’s lives. The survey was started in 1983–1984
when the first health behaviour in school-aged children
survey was conducted in five countries and the last
study included forty-five regions across Europe and
North America in 2017–2018.

The proportion of adolescents who eat neither fruit
nor vegetables daily varies between <30% (Albania)
and >60% (Finland), with a mean of 48 %(58). Girls
are more likely to consume both FV than boys, and
the proportions of consuming these food groups decrease
as children get older. Furthermore, the most affluent
adolescents were more likely to eat both FV daily(58).
Although no social inequalities were observed for fruit
in Sweden and Norway, such inequalities were observed
in all other countries and in all countries for vegeta-
bles(58). A statistically significant inverse correlation
was observed between overweight and obesity and vege-
table intake(58).

Overall these surveys have revealed a low intake of
fruit and even lower vegetable consumption. This can
lead to so-called hidden hunger or deficiency in micronu-
trients and will influence risk of NCD. As adolescents
grow older and gain more autonomy over their earing
behaviours they will be more likely to make unhealthy
food choices. Social inequalities in eating behaviours
are observed in many countries/regions, with children
and adolescents from more affluent families generally
having healthier eating habits. This leaves children and
adolescents from lower socioeconomic status back-
grounds vulnerable to poor nutrition and associated
adverse health outcomes. This is important when addres-
sing strategies, policy actions and interventions targeting
social inequalities in children and adolescent diets. The
WHO has several policies aiming to address these issues,
including guidelines being developed on policy actions to
improve the food environment, focusing on school food
and nutrition policy guidance, with recommendations
on school food standards, school food provision, positive
reinforcements (nudges) and marketing restrictions in
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schools(59). These data have also led to an action plan
devised to combat childhood obesity in Europe and
beyond(60). The WHO is also working on a healthy and
sustainable diets series of workstreams, with the aim of
gathering evidence to inform the development of policy
guidance in this area. Activities include a systematic lit-
erature review of intake and adequacy of vegan diets,
and a future multi-country study on the nutritional con-
tent of vegan burgers. A study looking at the nutritional
content and environmental impact associated with pro-
cessed plant-based food products from online supermar-
kets has just been published(61), which indicates the
WHO’s interest in this area.

Plant-rich diets and cognitive health during ageing

Dr Claire McEvoy, from the Centre for Public Health at
Queen’s University Belfast, then discussed the evidence
supporting a role for plant-rich diets and cognitive health
during ageing. There is an increasing burden of dementia
in the UK and globally, being a leading cause of disabil-
ity and loss of independence that is expected to triple in
the next 30 years in almost every country in line with
population ageing. Age is the biggest risk factor for
dementia, and Alzheimer’s disease (AD) is the most com-
mon type of dementia, with the development of amyloid
plaque as a key pathologic feature of that condition.

It has been estimated that up to 40% of dementia
could be delayed or prevented by targeting modifiable
risk factors, particularly cardiometabolic-linked risk fac-
tors. Plant-rich diets could play a role and three
plant-rich DP have been mainly examined to date: the
Mediterranean diet (MD), the dietary approaches to
stop hypertension diet and the Mediterranean–dietary
approaches to stop hypertension intervention for neuro-
degenerative delay diet. These DP differ (e.g. in terms
of fat source, alcohol intake) but are all rich in vegeta-
bles, legumes, whole grains and nuts and are low in red
meat. The Mediterranean–dietary approaches to stop
hypertension intervention for neurodegenerative delay
diet is hypothesis driven and was developed with brain
health outcomes in mind; in terms of FV it includes a
focus on green leafy vegetables and berries rather than
total FV intake.

Both the MD and Mediterranean–dietary approaches
to stop hypertension intervention for neurodegenerative
delay diets have been examined in relation to cognitive
impairment in the US health and retirement study. In
5907 cognitively healthy older US adults, aged on aver-
age 68 years, high adherence to an MD or
Mediterranean–dietary approaches to stop hypertension
intervention for neurodegenerative delay diet was asso-
ciated with 30–35 % lower odds of cognitive impairment,
after adjustment for potential confounders including car-
diovascular risk factors, suggesting that adherence to
these DP could help preserve cognition(62). A
meta-analysis of prospective data supported a protective
role for the MD on cognitive decline in older adults,
although there was substantial heterogeneity between
the studies, which may reflect variation in exposure and
outcome measure data collection(63). A further

meta-analysis explored the association between
plant-rich DP and dementia risk; high adherence to a
plant-rich DP was associated with a lower risk of overall
dementia and AD, but no association was found with
MD specifically and risk of overall dementia in
non-Mediterranean countries(64).

It is known that diet is a modifiable life-long exposure
but most studies have been conducted exclusively in older
populations using one dietary exposure measure that is
unlikely to reflect long-term dietary intake, and with a
relatively short follow-up time. AD has a long preclinical
phase and it is possible that brain changes in the preclin-
ical stage of AD elicit changes to dietary habits. Hence,
reverse causation could impact findings from current epi-
demiologic studies in older populations. The coronary
artery risk development in young adults study attempted
to deal with this as both diet intake and cognition were
repeatedly measured earlier in life. In coronary artery
risk development in young adult participants, MD was
associated with less than 5 year decline in global cogni-
tive function, particularly better preservation of execu-
tive function. In contrast, no association was observed
for the dietary approaches to stop hypertension diet(65).
This suggests that the MD may be neuroprotective in
mid-life. Only a few intervention studies have tested
this hypothesis, again with variation in outcomes and
duration of intervention and of follow-up. For example,
a post-hoc analysis of the Prevención con Dieta
Mediterránea study demonstrated a modest beneficial
effect of adherence to an MD supplemented with nuts
or olive oil over 4–6 years on cognitive function, particu-
larly global cognition and memory(66).

Cognitive changes are subtle and may be difficult to
measure using standardised cognitive testing, particularly
in cognitively healthy adults. Examination of neuroima-
ging biomarkers could help to elucidate potential
mechanisms of diet on AD but few prospective studies
have both dietary intake and neuroimaging data avail-
able. The Lothian birth cohort is one such study that
reported a positive association between increased MD
adherence and less total brain atrophy over 3 years,
and these effects were significant even when adjusting
for education and childhood intelligence quotient sug-
gesting a causal effect of diets on brain volume beyond
that of healthier lifestyle choice in more educated per-
sons(67). Other studies have demonstrated associations
between increased MD adherence and lower amyloid
accumulation, with an estimated 3⋅5 years protection
against AD through modelling of collected data(68,69).

As cognitive decline and dementia are complex condi-
tions with multiple risk factors, multi-modal or compo-
nent interventions are thought to be more likely to be
successful at reducing risk. The Finnish Geriatric
Intervention Study to Prevent Cognitive Impairment
and Disability (FINGER) study(70) in Finland tested
the effect of diet, exercise, cognitive training and vascular
risk monitoring on cognitive outcomes, with the dietary
advice, which was personalised, including following a
Nordic diet, having more than 400 g FV daily, eating
whole grain foods, low-fat milk and meat, having <50 g
sucrose daily, using rapeseed oil as a fat source and
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consuming fish more than twice weekly. The dietary
advice was intensive involving both individual and
group sessions. Significant effects were demonstrated on
the primary composite cognitive score as well as second-
ary outcomes including executive function, processing
speed and memory(70). Participants in the intervention
had not only lower risk for cognitive decline, but also a
30 % lower risk of functional decline and better
health-related quality of life, compared to those in the
control group(71,72). However, when researchers looked
at diet alone, it was associated with favourable changes
in executive function but not memory or processing
speed, nor global cognitive function(71,72). The
FINGER trial is being adapted and tested in other popu-
lations via the worldwide FINGER network, to deter-
mine whether the FINGER study can be replicated in
other diverse populations and clarify the necessary com-
ponents and optimal doses to include in the multicompo-
nent interventions. Other research questions include
whether the interventions can be delivered using low
cost and scalable approaches, and whether cultural adap-
tations to the dietary and other lifestyle behaviours are
required.

Dr McEvoy concluded that plant-rich diets are asso-
ciated with slower cognitive decline and reduced demen-
tia risk, particularly AD. The ideal combination of foods
and nutrients for neuroprotection is not yet clear as few
DP have been tested. Intervention studies are needed to
examine the effects of dietary modification on clinically
relevant endpoints and explore the use of neuroimaging
and AD blood biomarkers; these should be considered
as capturing cognition outcomes in cognitively healthy
participants is challenging. Finally, combining plant-rich
diets with other lifestyle factors may be more effective in
slowing cognitive decline.

Dietary patterns and CVD and mortality: use of UK
Biobank

Dr Carmen Piernas from the University of Oxford
described analyses of the association between DP and
CVD and mortality using the UK Biobank study.
Dietary risk factors for NCD include low whole grains,
legumes, nuts, fruit, fibre, vegetables, high red or pro-
cessed meats, trans fat and sodium(73); these dietary
risk factors can be combined and overall DP examined
which allows the synergistic effects of many dietary risk
factors to be accounted for. Since dietary risk factors
tend to cluster, moving away from single nutrient and
food group analysis makes sense in terms of how we
eat, although to date dietary guidelines do tend to still
focus on single foods, food groups and nutrients. From
a research perspective, exploring DP allows for the
assessment of the cumulative exposure to different diet-
ary components and as such, these DP may have stronger
effects on health than any single component(74).

Dr Piernas and colleagues have examined DP and inci-
dence of total and fatal CVD and all-cause mortality in
the UK Biobank (n 116 806), utilising a prospective
cohort design for the analysis. They used reduced rank
regression to calculate the DP, which tries to identify

combinations of foods which explain high variability in
nutrients of concern (dietary energy density, free sugars,
saturated fat and fibre), determining the links between
predictor variables (food groups), identified response
variables (nutrients) and outcomes (CVD fatal and non-
fatal and all-cause mortality)(75).

The UK Biobank study recruited about 500 000 volun-
teers aged 40–69 years between 2006 and 2010 from
twenty-two assessment centres across England (89 %),
Scotland (7 %) and Wales (4 %). Comprehensive baseline
data collection included lifestyle and environmental fac-
tors, personal and family medical history, cognitive func-
tion, physical measurements (height and weight) and
biological samples (blood, saliva, urine). Consent was
given by participants for UK Biobank to follow their
health through medical records including linkage to hos-
pital admissions and death records and also to be recon-
tacted for further data collection. Dietary intake was
assessed using the 24 h Oxford WebQ collected at the
baseline assessment and up to four times with links dis-
tributed by email. Participants who provided a minimum
of two dietary questionnaires were analysed, and all
reported foods and beverages were classified into fifty
major food groups(75). The first dietary pattern (DP1)
explained 43% of overall variability which was asso-
ciated with higher intakes of energy dense foods, SFA
and free sugars and lower intake of fibre(75). DP1 was
characterised by high intakes of chocolate and confec-
tionery, butter and low-fibre bread, and low intakes of
fresh FV. Dietary pattern two (DP2) explained 20 %
of variability and was characterised by higher intakes
of free sugars but lower intakes of SFA, in particular
by high intakes of sugar-sweetened beverages, fruit
juice, table sugars and preserves, chocolate confection-
ery; and low intakes of high-fat cheese, butter and
other animal fat spreads. DP1 was positively associated
with total CVD, fatal CVD and all-cause mortality,
while DP2 displayed a non-linear association with the
same outcomes and associations were only statistically
significant at the higher end of the distribution. DP1
was significantly associated with BMI and diastolic
blood pressure (DBP), a slight positive association was
observed with LDL, a negative association with HDL
and no association with systolic blood pressure (SBP)
and HbA1c. For DP2 there was no association with
BMI, DBP, SBP, HbA1c or LDL and but there was a
negative association with HDL(75).

Aside from investigating DP, the investigators also
looked at adherence to dietary recommendations in a
separate analysis of the same population(76). WHO
recommendations were used, these were: intake of satu-
rated fat <10 % energy, intake of free sugars <10 %
energy, greater than or equal to five portions FV daily
and >25 g fibre daily(76). About 69 % of participants
met either none or one of these four recommendations,
with the fibre and FV recommendations being the most
poorly adhered to. Adherence was clearly related to all-
cause mortality, but this was less clear for total and
fatal CVD, with statistically significant reductions in
risk only being found for those who met three or four
recommendations. The only individual recommendation
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that was significantly associated with all-cause mortality
was the five servings of FV daily; no recommendation
was associated with the total and fatal CVD outcomes,
while the analysis examining CVD risk factors as out-
comes was mixed(76).

In summary, Dr Piernas concluded that DP identified
among UK adults are associated with health risk, and
poor adherence to major dietary recommendations is
common in this population. The analyses conducted sup-
port the evidence base for food-based dietary guidelines
and support current recommendations to limit foods
high in saturated fat and free sugars and to increase
FV intake and fibre.

Health impacts and environmental footprints of
plant-rich dietary patterns

Dr Pauline Scheelbeek from the London School of
Hygiene & Tropical Medicine then shifted attention to
focus on the environmental footprints of plant-rich DP
and the impact on health and environmental sustainabil-
ity of major population-wide shifts towards more plant-
based DP.

Increased uptake of predominantly plant-based diets
would result in a scaling down of production of animal-
sourced foods (to match the declining demands), and
would likely have direct and indirect effects on both
environment and health. Direct effects on the environ-
ment would arise from the corresponding reductions in
food system-related greenhouse gas emissions, water
footprints, land use and eutrophication rates. Indirect
effects include a reduction of air pollution (e.g. fine par-
ticulate matter), a reduction in emerging zoonosis (dis-
eases that can be spread between animals and human
subjects) and the prevention of biodiversity loss. The
impact on population and individual level health out-
comes of increased uptake of predominantly plant-based
diets will vary greatly and will be determined by health-
fulness of initial diets, as well as initial exposure to envir-
onmental hazards. Current global food systems do not
deliver on the health front, with high levels of under-
weight, stunting, overweight and obesity and anaemia(77),
and moves towards a plant-rich DP, rich in FV, could
help achieve improvements in some of these health out-
comes, including helping to improve intake of key nutri-
ents, while reducing for example the intake of saturated
fat and sodium(78).

A number of studies have explored the potential envir-
onmental impacts of following a predominantly plant-
based diet. Vegan, vegetarian and flexitarian diets are
often associated with lower impacts on greenhouse gas
emissions and land use compared to diets richer in
animal-sourced foods(79). However, at individual food
level, carbon footprints of both animal-sourced and
plant-based foods can vary considerably depending on
farming production and management methods and
source of the inputs (i.e. feed(80)). In areas where agricul-
ture is the main source of air pollution-related morbidity
(such as in large parts of Europe), population-wide
changes to more plant-rich DP and associated reductions
in animal-sourced food production could therefore also

substantially improve population health by consequential
improvements in air quality(80). Water use, however, is
not necessarily lower for vegan and vegetarian DP par-
ticularly where nut or heavily irrigated fruit consumption
is high. Sourcing such foods from water-scarce areas may
increase water supply problems and could lead to sub-
stantial negative public health impact in low-income
countries. At the same time, major water savings could
also be achieved through the reduction of animal-sourced
food production, particularly related to feed. For
example, soya used for feed in China is often produced
elsewhere and includes highly water-scarce production
areas. This global dimension is not always considered
in footprint calculations, but could cause serious water-
scarcity threats and needs to be considered in detail.

Various research groups have modelled the likely
impact of different DP on health outcomes, premature
mortality and environmental impacts, suggesting
improvements to all when shifting from current to (e.g.)
flexitarian or vegan diets(81). However the drivers of
these health and environmental improvements seem to
vary, with the health improvements largely arising from
reduced energy intake and reduction of overweight/obes-
ity, while the changes in environmental impact were dri-
ven by changing demands (and hence production) of
plant-based v. animal-sourced foods(81).

Dr Scheelbeek suggested that we already know ‘more
or less’ what a future DP should look like – especially
in food secure areas in the Global North. The EAT
Lancet report is one example of a suggestion of what
such a diet should look like(82), however very few people
currently adhere to such diets. Some national dietary
guidelines also include sustainability aspects: better
adherence to the Eatwell guide for example (the current
UK dietary guidelines) would have co-benefits for the
environment, even though this was not a focus of the
recommendations when they were developed.

As awareness of the environmental impact of different
dietary choices increases, new products are being developed.
Plant-based meat and dairy alternatives intake is increasing,
particularly in younger populations, but the impact of these
new foods and food products is as yet uncertain.

While it is clear that more profound changes are
needed to national food systems and diets to deliver
on health targets and meet the Paris agreement on cli-
mate change, resilience and externalities should also
be considered. If everyone in the UK met the five ser-
vings FV daily intake target then there would currently
not be enough FV supply produced within the UK to
support this. Options to increase the supply include
expanding domestic production, which may also have
positive impacts on biodiversity. However, offering
more locally produced FV may not align with current
demand of specific exotic varieties that are increasingly
consumed by the UK population, while ‘traditional’
varieties (such as cabbage and peas) are becoming less
popular over time(83). Another alternative is to import
more FV. Looking at current trade patterns, this strat-
egy would involve importing FV from a range of cli-
mate change-vulnerable countries, and that trend is
increasing: current UK supply from climate-vulnerable
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countries was estimated to be 37 % compared to 20 % in
1987(83).

Dr Scheelbeek ended her talk with a discussion of food
waste as plant-based foods are often more perishable
than other foods(84) and therefore aiming to increase
plant-based foods within our diet may, without any inter-
ventions, have implications for food waste, which would
reduce the gains in terms of environmental footprints of
these predominantly plant-based diets.

Plant-rich dietary patterns, animal-sourced foods, health
and agri-food systems

Professor Jonathon Rushton, University of Liverpool,
discussed plant-rich DP, animal-sourced foods, health
and agri-food systems. The premise of his presentation
was that food systems produce food, culture, employ-
ment and business opportunities that are the basis for
the health and wellbeing of people in societies across
the world, but they are also capable of generating nega-
tive externalities in terms of effects on public health and
the environment. The negative externalities have become
a major focus in recent years, with increasing pressure for
behaviour change (e.g. a shift to a more plant-rich DP to
improve health and/or reduce environmental impact) but
Professor Rushton argued that systemic failure in the
food system cannot be overcome with behavioural
change alone; the two things cannot be done in isolation.
Professor Rushton suggested that the food system itself
creates the diet we eat so we also have to understand
the food system and how it operates.

Concerns about livestock and the environment have
been emerging since the 1980s although there are still
methodological debates about the real impact, for
example, of estimated greenhouse gas emission from
the livestock section and there is an ongoing debate on
how to measure methane(85) and understanding the
source of ongoing increases in methane emissions. On
the nutrition side there is still ongoing debate about
many issues, e.g. fat source and NCD risk(86). Set against
this, in the past decade there has been a rise in the vegan
movement, with its allied messaging on climate impact,
health and improved animal welfare. The vegan move-
ment has been around for a much longer period of
time yet there has been a recent growth in the effective-
ness of its messaging and interest in why this might be.
In a BNF YouGov survey in 2020 when asked what a
plant-based diet meant to respondents, the most common
response was a vegan diet (41 %)(87).

Professor Rushton suggested there is a strong link
between this messaging, the food system itself and the
food companies that make up that food system. Forces
underlying the changes in messaging and ultimately
behaviours are linked to supply and demand within the
food system and the attitude to profits of food compan-
ies. Companies in the food system are generally stock-
listed and therefore report and respond to the
stockholders – they are primarily profit driven and
these profits depend on how markets and prices are regu-
lated; they do not respond to any great extent to the
externalities such as public health and the environmental

impacts. A sudden surge in plant-based meat and milk
alternatives has occurred but not necessarily driven by
health or environmental concerns, although these may
be the concerns of some consumers, For example, milk
is the second most important commodity in the food sys-
tem in terms of total economic value yet it is a low value
product, in contrast the rapid rise of alternative milk pro-
ducts can in part be explained by the highly profitability
of such products to food companies. Similarly lab-grown
meat and plant-based meat substitutes are higher priced
and potentially of interest for food companies who are
happy to push a message to move away from animal-
sourced products.

This background and context then presents a problem.
There is now clear messaging that animal-sourced foods
are bad for the environment, for health and animal wel-
fare. The switch to plant-based diets seems obvious as
there appear to be so many wins, yet the evidence as to
whether such a population shift will have the desired
impacts has yet to be demonstrated. Professor Rushton
explored this question by providing an overview of how
he sees the livestock sector and its development.

Key messages are that meat and other livestock pro-
ducts need to be treated as an issue of supply and
demand of inputs and outputs. The supply is complex
because of the changes in the way animals are fed and
raised and how they are processed.

Historically, in a field example from the Bolivian
Andes, pigs play an important role in recycling crop resi-
due and a role in family structure. When there is surplus
of locally grown maize grain and prices go down, the sur-
plus maize is fed to the pigs; this is a way of adding value
to the maize. When maize is scarce and prices go up, the
maize is shipped to urban centres as grain for human
consumption. There is, therefore, a balance between the
production of meat and grain and the supply and
demand for grain limits meat consumption; this local
example is one that would have been true to many popu-
lations 50 years ago and to the majority 100 years ago.

Thinking on a more global scale, the reaction to the
food shortages and famines during the 1940s, 1950s
and 1960s was a search for improved grain production;
the resulting agricultural revolutions led to an explosion
in grain production, largely through increases in crop
yields and expansion of oil seed crops across the world.
These are multipurpose crops (principally soya and
palm oil) providing feed for animals, oil for the food
industry, cooking oil and fuels. Again there has been
rapid expansion in the production of these crops and
resulting vegetable oils, some through the expansion of
cropped areas, deforestation but also through increases
in crop yields.

The changes afore-mentioned led to grains being in
plentiful supply; oil seed cakes started to be made avail-
able and human populations increased, became urba-
nised and got wealthier, which also led to a livestock
revolution(88). Livestock units have increased, with the
some increase in cattle with associated concerns on
methane production, but a large increase in poultry.
Poultry meat production has also doubled over the past
15 years, achieved partly by increasing poultry
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population, but also significant evolution in the types of
birds and their breeding, impacting individual bird size.
Livestock husbandry and feeding regimes have also
developed over time, moving from predominantly graz-
ing and scavenging systems to highly managed forage
and conservation systems and sophisticated housing
and handling systems, with feeding of concentrates.
Such changes have led to a dramatic increase in output
per animal and per bird space and therefore increased
efficiency. The changes in food production systems are
illustrated in Fig. 1.

These two crop revolutions have also been accompan-
ied by animals becoming less relevant as a source of
power due to the introduction of the combustion engine
and non-renewable fossil fuels, allowing larger tracts of
land and different soil types to be cultivated. This has
been accompanied by less dependency on animal manure
which has largely been replaced by chemical fertiliser.
All of these have led to the availability of cheap food
and feed grains which has changed the role of animals
in the farm, and has had an impact on both animal
and human diets.

Alongside these dramatic changes in animal produc-
tion and nutrition there has been a total transform-
ation in food processing(89), with much of the
preparation of food and cooking now done outside
the home and processed food dominating in the UK
diet. Crop and livestock products are transported
and processed long distances from cities and towns;
and what is purchased has changed, for example, a
shift from whole chicken through to processed breast
meat in the form of nuggets(89). Looking at the nutri-
ent composition of the different parts of a chicken
reveal a problem in that the nutrient composition
does differ depending on the part of the chicken
being consumed, particularly in terms of micronu-
trient composition(89).

Thus there has been rapid increase in meat supply,
more than doubling per person since 1950. Much of
this increase has been achieved through species selection,
genetic changes, health improvements and nutrition with
feed grains and oil seed cakes. At the national level there
is variation in the increases in terms of meat type but
tends to be dominated by poultry; in summary we have

moved from a grass-based to grain-based meat eating
population within a generation.

Therefore through a mixture of crop productivity, ani-
mal nutrition and production changes the supply of meat
and livestock products has increased. There has also been
a shift in the relevant costs of meat production by species
and the relative price of livestock products in general has
decreased relative to other foods and services in society.
People are spending less on meat as a percentage of
their shopping baskets (from about 8 to 3⋅5% in around
40 years). The low prices have encouraged food compan-
ies, who are driven by product margins, to use animal-
based ingredients in their processed foods. Increasingly
meat is not purchased as a product we prepare at home
but as a product in ready meals and convenience meat
products.

Professor Rushton reflected that livestock play a cen-
tral role in food systems. They use crop residues, agricul-
tural by-products and land areas that are difficult to use
for producing food for direct human consumption. In the
past there has been a balance and a relative scarcity of
livestock products for consumption, but over the past
60 years that balance has been broken, leading to greater
availability of livestock products at cheaper prices. If we
are to manage the problems this create we need to look at
the systemic problems in supply and demand as well as
individual behaviour change.

We do have to be cognisant of the fact that restricting
or eliminating animal-sourced food from the diet and
adopting plant-based DP, this will make it more difficult
to get adequate amounts of some nutrients, particularly if
people are not eating a diverse diet(90). Professor Rushton
suggested there needs to be a balance around this and
animal-sourced foods should be eaten as part of a plant-
based diet that also has a good proportion of FV.
Animal-sourced foods can provide both high quality pro-
tein and a range of micronutrients. Plant-based meat and
dairy alternatives are highly processed with long ingredi-
ent lists and can be costly; therefore there are potential
issues with direct replacement of animal-sourced protein
with plant-based sources, and protein source and amino
acid composition will be important, which Professor
Hu had already discussed. Therefore, replacing processed
meat products with processed plant-based products is

Fig. 1. Traditional (a) and modern (b) food production systems, illustrating the strength of links between the different elements of the
system, with changes occurring as a result of agricultural/crop revolution.
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unlikely to solve public health issues and may make them
worse as these replacement products have variable pro-
tein and micronutrient content.

Professor Rushton’s hope is that we move to a plant-
dominated DP with contributions from animal-sourced
foods, with accompanying changes to animal production
systems. Cattle numbers have not substantially changed
to explain the recent exponential increases in methane
emissions; there have to be other explanations. We also
need to consider the grain and oil seeds used for livestock
feed generally. These crops need to be directed to people,
with land returned to forest to deliver environmental ben-
efits. He cautioned that we must not fall into the trap of
focusing only on the environment; negative public health
impacts also need to be considered.

Food insecurity and relation to fruit and vegetable intake

The last speaker, Dr Hannah Ensaff from the University
of Leeds, presented the evidence with regards to food
insecurity and FV intake. Dr Ensaff defined food inse-
curity, outlined its measurement and what we currently
understand based on systematic reviews of food insecur-
ity and FV intake, before ending with some thoughts on
future directions. This was all against a backdrop of
insufficient FV intake globally, which is a major risk fac-
tor for global disease and mortality burden.

Increases in the prevalence of food insecurity have
been reported in many countries, including the UK,
alongside austerity and welfare changes(91). It has been
estimated that 43 % of UK households in receipt of uni-
versal credit are food insecure(92). Food insecurity has
also been linked with stagnant wages and increased
cost of living(93), which clearly includes food, in addition
to fuel and childcare costs.

The challenge of already low FV intake and climbing
food insecurity highlights the importance of understand-
ing how food insecurity may influence FV intake.
Furthermore, considering health equity and the continu-
ing health inequalities(94), there is the likelihood that
those for whom diet is the most critical or relevant are
the ones for whom food security is the most precarious.

Essential to food security are the issues of food avail-
ability, accessibility and affordability(95), with individual
households being able to access and afford the food that
they need. The FAO of the UN has defined food security
as ‘physical, social and economic access to sufficient, safe
and nutritious food’ to meet an individual’s ‘dietary
needs and food preferences for an active and healthy
life’(96). Conversely, food insecurity, sometimes referred
to as food poverty, relates to ‘household-level economic
and social condition of limited or uncertain access to
adequate food’(97), and may relate to lack of ‘availabil-
ity of nutritionally adequate and safe foods’ or lack of
‘ability to acquire acceptable foods in socially accept-
able ways’(98). As well as food insecurity relating to
difficulties accessing sufficient nutritious food, the
importance of food preferences(96) and socially accept-
able means of acquiring food(98) are recognised, imply-
ing for example, not having to resort to emergency food
aid or scavenging.

Food insecurity is a public health concern globally;
although rates of severe food insecurity are highest in
low and middle-income countries, increases have been
observed in high-income countries, and food insecurity
is a public health priority for countries such as the UK,
USA, Canada and Australia(99). Indeed, food insecurity
is substantial and growing in the UK, where rates are
among the worse in Europe(100). There are increasing
concerns due to the number of households affected and
the impact on public health and disease prevention,
which ultimately points to serious public health
implications(101).

Food insecurity is assessed by a number of measures
including the food insecurity experience scale(102) from
the FAO and the United States Department of
Agriculture adult food security survey module(103).
Items related to behaviours and/or experiences of difficul-
ties in meeting food needs, with the measure of severity
based on the number of behaviours and experiences
reported. Although the tools used and timeframe
assessed can vary, the need to measure food insecurity
has become evident, not least because of the need to
monitor changes over time. This will allow critical data
accumulation over a number of years, and supports the
requirement to measure food insecurity with respect to
the UN sustainable development goal (indicator 2⋅1⋅2
prevalence of moderate or severe food insecurity in the
population).

In the UK, items from measures such as the FAO food
insecurity experience scale and the United States
Department of Agriculture adult food security survey
module are used in the Family Resources Survey(104),
The Scottish Health Survey(105) and the Food and You
2 Survey(106). Data collected using the food insecurity
experience scale indicate a 3 year average (2018–2020)
of 3⋅9% food insecurity at the moderate or severe levels
(0⋅7% at the severe level); this translates to 2⋅6 million
people living in households where one or more members
is moderately or severely food insecure(107). The Food
and You 2 Survey data on food security (November
2020–January 2021 for England, Wales and Northern
Ireland) indicate the prevalence of marginal, low and
very low food security to be 11, 8 and 7 %
respectively(108).

Food insecurity is associated with socioeconomic sta-
tus, with factors such as household income, working sta-
tus and education relevant(109,110), similarly, social
networks and social capital have been found to be rele-
vant(110), as has perception of financial insecurity(111).

Money spent on food, unlike some other expenditures,
can be adjusted to some extent, and food insecurity can
influence food choice and individual dietary intake;
accessibility to nutritious foods is critical and a prerequis-
ite to an adequate diet. A number of studies have exam-
ined associations between food security and diet quality.
Food insecure individuals can have poorer quality diets
independent of poverty and sociodemographic differ-
ences(112), with food sources also used differently and
the diet quality of foods sourced from grocery stores
higher in those individuals that are highly food secure
individuals(113). Further, the percentage of energy from
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ultra-processed foods has been reported to be strongly
related to the severity of food insecurity – the more severe
the food insecurity the higher the ultra-processed food
intake and lower the diet quality(114).

Dr Ensaff then looked at systematic reviews which
have focused on food insecurity and FV intake specifi-
cally. The first demonstrated that diet quality was
lower for food insecure adults, and food insecurity was
associated with lower FV intake(115). For children, the
evidence was less consistent with the suggestion that par-
ents were shielding children from their food insecurity
and protecting their children’s intake(115). The second
review focused on food insecurity and women’s dietary
outcomes, and reported FV in eleven out of twenty-four
studies, with nine of these reporting that food insecure
women consumed fewer servings of FV compared to
food secure women, and in five of the nine studies,
these differences were statistically significant; there were
two studies that were considered high quality and both
of these found a difference in FV intake between
women who were food insecure and secure(116). A further
systematic review focused on food insecurity and dietary
outcomes in university students; in most of the studies
reviewed (i.e. four of the six studies with measures of
fruit intake; four of the seven with vegetable intake;
and five of the six with total FV intake) lower intakes
were evident among food insecure students(117). Again,
the higher quality studies confirmed these associations
and authors also pointed to the vulnerability of
university students to food insecurity, who may, as a cop-
ing strategy, omit foods such as FV or whole grains.
Interestingly a protective effect of living in catered-for
accommodation was also pointed to.

Turning to specific studies, secondary data analysis of
the Food and You Survey data in the UK suggested that
there was an association between food insecurity or
financially driven food changes, and the likelihood of
reporting lower FV intake, with both of these being inde-
pendent significant predictors(118). For every unit incre-
ment in the Food Security Score (i.e. being more food
insecure) there was an 11% reduction in the odds of
being a high FV consumer, and with every increment
in financially driven food changes score there was a 5 %
decrease in the odds of being a high FV consumer, in
multivariable adjusted models(118). Similar findings for
UK data from the international food policy study were
shown, where the odds of consuming FV were lower
for food insecure adults (although for fruit juice, this
was higher)(119).

Finally, an analysis of data from the Born in
Bradford cohort study highlighted the importance of
ethnicity and context. Vegetable consumption was
higher for Pakistani-origin and for White British
mothers who were food secure compared to those
who were food insecure(120). Fruit consumption was,
however, higher for Pakistani-origin mothers who
were food insecure compared to those who were food
secure. Authors attributed this potentially to a combin-
ation of cost and cultural norms, and also highlighted
the relevance of community support to how food inse-
curity is experienced(120).

Dr Ensaff reminded the audience that an impact of
the global pandemic on food insecurity has now been
widely demonstrated, and as COVID recovery con-
tinues we are yet to know the true impact. However,
evidence points to a worsening picture for many fam-
ilies financially and the need for intervention. She
concluded with three key aspects in terms of future
directions for research. First, with the need to miti-
gate against food insecurity and its detriment, strat-
egies and interventions that are targeted where they
are most needed will become more critical. There
are a number of examples of such interventions in-
cluding Eat San Francisco Vouchers for Veggies(121)

and Food Justice Truck(122). Secondly, future work to
incorporate more aspects of food insecurity within
current measures and metrics will be valuable.
Finally, further work is needed to understand better
the intricacies of how food insecurity affects FV intake
and the experiences of those affected, e.g. the effect of
the stress of introducing coping strategies on food
choice.

Conclusions

This 1 d member-led meeting focusing on plant-rich DP
has provided an update on the latest epidemiological evi-
dence linking such DP to health outcomes across the life
course, including in children and older adults, but has
also highlighted that plant-rich DP can vary in diet qual-
ity and that there is great heterogeneity in such DP.
There is also variety in how individuals respond to
such DP which is, as yet, relatively unexplored, and
efforts to understand such variety in terms of response
to FV and mechanisms by which these foods and DP
impact health outcomes are underway. We need to be
able to measure intake of these foods accurately to
allow robust demonstration of association with health
outcomes, adherence during dietary interventions and
to test the impact of policy changes, and biomarkers
are likely to aid this. The issues with observational stud-
ies exploring links between plant-rich DP and health out-
comes were acknowledged, and the importance of a
range of study designs including dietary interventions
to allow a strong evidence base to be developed was sug-
gested. The potential impact of such DP on environmen-
tal outcomes was presented, with discussion about public
awareness of the need for dietary change, the drive for
new products to support plant-based diets and need for
further research to understand the implications of these
new plant-based alternatives in terms of nutritional
intake, health outcomes and environmental outcomes
clear. The impact of any dietary change on food produc-
tion systems in their broadest sense (including cultural
and economic considerations) was also explored, and
the need to consider modern production methods and
how these impact on nutritional status and diet quality
considered. Across all of these fast-moving changes in
diets, a consideration of inequities in access to food
must be front of mind, be that physical, social or
economic.
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