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Editorial on the Research Topic

Public Health Nutrition: Assessing Evidence to Determine Policy and Practice

The concept of public health nutrition embraces many diverse areas, spanning from food safety,
and food security, to environmental sustainability as well as human nutrition and health.

The present collection includes papers that touch upon all the aforementioned areas, providing
a fascinating and variegated scenario of what public health nutrition stands for and how it may at
times be overlooked in the twenty-first century.

With regards to food safety, Prosperini et al. present a review on a mycotoxin, Enniatin, and
its specific profile of toxicology. The need of such review lies at the interface between science
and policy, and attempts to respond to a specific mandate, whereby the European Commission
asked the European Food Safety Authority (EFSA) for a scientific opinion, to quantify the risks
related to acute and chronic exposure to Enniatin. Whilst the answer was unambiguous for acute
toxicity (i.e., such toxins do not represent concerns for human health), there were no conclusions
about chronic toxicity, mainly because of the complexity of performing a complete risk assessment
for dietary exposure to the toxin itself. Moreover, the authors touch on some recent findings on
carcinogenesis: Enniatin has been found to have anti-cancer actions, both in vitro and in vivo, at
multiple cellular levels.

Food security issues, which are often dealt with at the national level, have different distributions
in developing and developed countries (1); nevertheless, food insecurity constantly affects the most
vulnerable classes of any given population, typically the children and the elderly. Gurung et al. focus
on children affected by tuberculosis (TB) in Nepal, thus analyzing the conditions of an extremely
vulnerable population segment. The authors performed a cross-sectional descriptive study to assess
the dietary intake and nutritional status of children affected by TB, and found that about one-fifth
of them did not consume a sufficient amount of calories, compared to the recommended daily
average. Acting in a vicious circle, undernutrition increases the risk of TB progression into active
disease, thus leading to further weight loss. Such data call for dietary assessments and nutritional
treatments in children affected by TB.

According to the concept of planetary health (2), food security and environmental factors,
such as greenhouse gas emissions (GHGEs), water depletion, land use, food waste, and ecosystem
exploitation are highly entangled (3). Lacour et al. carried out a life-cycle assessment (LCA) study to
compare GHGEs, energy demand and land occupation in a plant-based diet versus an animal-based
diet, using a French cohort as baseline for the simulation. They found that those diets with a higher
pro-vegetarian score (i.e., those diets with a preference for plant-based food) were significantly
associated with lower GHGEs, lower energy demand and lower land occupation. Moreover,
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they investigated the modulation of such relationship, between
type of diet and environmental impacts, by organic consumption;
the authors found that organic food consumption modified
the association between pro-vegetarian score and environmental
impacts for plant-based diets, but not for animal-based diets.

Last, but not least, we included a number of papers on human

nutrition and health. Nutrition has received significant attention
in the last few years due to the increase in research done on its
impact on non-communicable chronic and degenerative diseases.
Education tools for healthcare professionals and for the general
public are highly requested, as described by Crowley et al. massive
open online courses might meet such needs, to counteract bad
science and to provide practical help, especially in countries with
low resources.

Progress in global, national, and local nutrition policies has
been made, for instance with regards to specific population
subgroups such as children and workers, where interventions to
change the current food environment and, consequently, food
habits, have been proposed.

Orlando et al. reviewed the link between obesity and
hypertension in children, highlighting the role of fructose intake
and the consequent rise in uric acid, which is a well-known
independent risk factor for hypertension in children and adults.
The authors then focused on nutritional policies aimed at
decreasing the intake of fructose through actions on sweet drinks
and carbonate beverages; effective actions appeared to be mainly
carried out in school settings. Nevertheless, no data on cost-
effectiveness of such policies have been presented.

Similarly, workplace health promotion interventions have
been deemed effective. Korre et al. sketched their findings from
their previous research on firefighters (a population at high risk
of cardiovascular diseases, and often characterized by poor diet)
and proposed a prospective intervention to modify their food
environment through the adoption of Mediterranean diet, which
has been shown to be palatable to them.

Another prospective intervention has been undertaken by
Golubic et al. severely obese patients have been enrolled in a

multidisciplinary weight loss intervention, prior to bariatric
surgery. Interestingly, changes in weight were not-significantly
modified by smoking or employment status: the intervention
seemed to work homogeneously, despite the presence of social
inequalities among the participants.

Taken together, the papers of our collection show research
gaps in the following areas: measurement of actual costs of
interventions, projection of impacts derived from nutrition
policy implementations, and cost-effectiveness analysis of
such interventions.

It is therefore unclear which evidence could be used to develop
programmes and policy interventions that aim to improve health.
This depends upon the different perspectives of researchers and
decision-makers: the former, who are focused on knowledge
generation, and the latter who are focused on assessing the
disease burden that could be prevented or reduced by an
intervention, and how feasible those interventions might be.

Especially in the European context, where a multitude
of different legislation impacts our food environment and
nutritional settings produce a variable science and policy lab,
it is highly desirable to reach a consensus on minimum
requirements that should apply to scientific evidence on nutrition
interventions and policies. Only a solid assessment of costs
and expected impacts can guide the design and implementation
of a public health nutrition agenda which represents an
interplay between heath and economic outcomes determined
by food availability, dietary choices, and nutritional status
of the population as well as how this can be modulated
at each stage through effective risk assessment as well as
risk management.
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Mycotoxin enniatin B (ENN B) is a secondary metabolism product by Fusarium fungi. 
It is a well-known antibacterial, antihelmintic, antifungal, herbicidal, and insecticidal 
compound. It has been found as a contaminant in several food commodities, partic-
ularly in cereal grains, co-occurring also with other mycotoxins. The primary mecha-
nism of action of ENN B is mainly due to its ionophoric characteristics, but the exact 
mechanism is still unclear. In the last two decades, it has been a topic of great interest 
since its potent mammalian cytotoxic activity was demonstrated in several mamma-
lian cell lines. Moreover, the co-exposure in  vitro with other mycotoxins enhances 
its toxic potential through synergic effects, depending on the concentrations tested. 
Despite its clear cytotoxic effect, European Food Safety Authority stated that acute 
exposure to ENNs, such as ENN B, does not indicate concern for human health, but 
a concern might be the chronic exposure. However, given the lack of relevant toxicity 
data, no firm conclusion could be drawn and a risk assessment was not possible. In 
fact, very few studies have been carried out in vivo and, in these studies, no adverse 
effects were observed. So, research on toxicological effects induced by ENN B is still 
on-going. Recently, some studies are dealing with new advances regarding ENN B.  
This review summarizes the information on biochemical and biological activity of  
ENN B, focusing on toxicological aspects and on the latest advances in research on 
ENN B.

Keywords: enniatin B, toxic effects, biological properties, biochemical activities, emerging findings

iNTRODUCTiON

Fusarium species1 are common pathogens of cereal grains, animal feeds, and food commodities 
worldwide (1). Under favorable conditions, their secondary metabolism can produce hexadep-
sipeptidic mycotoxins,2 such as enniatins (ENNs). ENNs are commonly found in several grains 
and their derived products, in fish, dried fruits, nuts, spices, cocoa, coffee products, etc. (2–7). 

1 Fusarium is a large and diverse genus of filamentous fungi of great agricultural and economic importance, containing many 
plant pathogens and mycotoxin producers.
2 Mycotoxins are secondary metabolites produced by microfungi that are capable of causing disease and death in humans and 
other animals.
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FiGURe 1 | Chemical structure of enniatins (ENNs).
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Moreover, some food processes including cooking, baking, fry-
ing, roasting, etc. do not affect their chemical structure; so, 
detoxification strategies to mitigate the risks of ENNs presence 
in foods and feed may be difficult (8, 9).

Structurally, ENNs are cyclohexadepsipeptides composed of 
alternating residues of three N-methyl amino acids, commonly 
valine, leucine, and isoleucine, and three hydroxy acids, typically 
hydroxyisovaleric acid. Several ENNs analogs (A, A1, B, B1, B2, 
B3, B4, D, E, F, and G) have been identified. Among them, the 
most prevalent ENNs reported as natural contaminants in cere-
als in Europe are ENN A, A1, B, and B1 (10). Their chemical 
structure is reported in Figure 1.

The lipophilic nature of ENNs allows them to be incorporated 
into lipid bilayers of cell membranes and creates cation selective 
pores that cause an increase in the permeability for cations, result-
ing in disturbances of the physiological cation level in the cell 
(11). Their ionophoric3 behavior seems to be related to their wide 
range of biological activity. ENNs are known to be insecticidal, 
antifungal, antibacterial, and antihelmintic (12). Moreover, they 
exerted a potent cytotoxic effect in several human and animal 
cell lines at very low micromolar range (10, 13–18). Despite the 
strong cytotoxicity in vitro, a few studies carried out in vivo did 
not show relevant toxicity (19–23).

Unlike other Fusarium mycotoxins, such as deoxynivalenol 
(DON), T-2, HT-2, fumonisins (FB), and zearalenone (ZEA), 
whose presence in food and feed has been regulated by authori-
ties, no limits have been set for ENNs, up to now. However, an 
increasing number of studies are proving their presence in sev-
eral food and feed commodities and also their toxicity (2). This 
fact may constitute a great concern for human and animal health, 
since their toxicity could be also enhanced by the presence of 
other mycotoxins at the same time. The European Commission 
asked the European Food Safety Authority (EFSA) for a scientific 
opinion on the risks to human and animal health related to the 
presence of ENNs in food and feed. EFSA concluded that acute 
exposure to ENNs does not indicate concern for human health. 
There might be a concern with respect to chronic exposure, but 
no firm conclusion could be drawn and a risk assessment was 

3 Ionophores are molecules that facilitate ion passage in or out of cell membranes.

not possible for dietary exposure to ENNs, due to the overall 
lack of toxicity data (24). At the moment, EFSA is still collecting 
occurrence data for a future risk assessment.

Among the four ENNs above-mentioned, ENN B is currently 
the most studied since it has been the most-often detected in 
unprocessed and processed grains from European countries. 
Concentrations of ENN B in grains range from a few μg/kg to 
over mg/kg (12). In a multi-mycotoxins analysis of maize silage 
in NW Spain, Dagnac et al. (25) found that ENN B was the most 
prevalent mycotoxin detected in 51% of the samples (average 
concentration: 157  µg/kg). Similar ENN B concentrations 
(195.5 ± 47.0 µg/kg) were observed in cereal samples collected 
from European and African countries (26). Svingen et al. (27) 
demonstrated the ENN B presence in all of the samples of Danish 
grain collected during the 2010 and 2011 harvests, with the 
highest value of 3,900 µg/kg detected in rye sample. A survey in 
Finland showed that ENNs were frequently detected in unpro-
cessed grains including wheat, barley, rye, and oats, and that the 
maximum concentration was found for ENN B (10,280 µg/kg)  
in a barley sample (28).

Regarding grain-based products, in pasta samples bought 
from Dutch shops, de Nijs et al. (8) found the highest incidence 
for ENN B with concentrations ranging from 7.0 to 175 µg/kg.  
Higher concentrations of ENN B (up to 1,100 µg/kg) was detected 
in pasta and baby food from Italian supermarkets by Juan et al. 
(2). Zinedine et al. (7) demonstrated that wheat couscous semo-
lina has a higher ENN B incidence and concentration (592 ng/g) 
than barley (50  ng/g) or corn (57  ng/g) semolina couscous.  
In beer samples from Germany, ENN B was the only ENN 
detected (0.9 µg/L) showing increased incidence than other myco -
toxins (29).

Therefore, the attention on ENN B toxicological aspect is still 
highly concerning, considering that its potential toxicity may be 
enhanced by co-occurrence with other ENNs or other mycotox-
ins (15, 30, 31).

Besides its ionophoric property, ENN B toxicity involves the 
inhibition of acyl-CoA: cholesterol acyl transferase (ACAT) activ-
ity4 (32) and oxidative stress5 (16). ENN B also exerts cytotoxic 
activities by inducing mitochondrial modifications and cell cycle 
disruption, finally resulting in apoptotic cell death (16, 33–35). 
Moreover, it produces adrenal endocrine toxicity (36). A recent 
study reports a potential anticancer activity (37).

The objective of this review is to compile the effects produced 
by the Fusarium mycotoxin ENN B, focusing on its biological 
properties, biochemical activity and in vitro toxicological effects 
including the latest research on ENN B, in terms of biological 
properties, biochemical activity, and toxicity.

BiOLOGiCAL PROPeRTieS OF eNN B

Enniatin B exhibits a wide array of biological activities. Several 
studies investigated the insecticidal activity of ENN B individually 

4 ACAT is an intracellular enzyme located in the endoplasmic reticulum that 
transfer fatty acyl groups from one molecule to another.
5 Oxidative stress is defined as a disturbance in the balance between the production 
of reactive oxygen species (free radicals) and antioxidant defenses.
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FiGURe 2 | Scheme of the ionophore enniatin (ENN) B carrying ions by diffusing through membrane lipids.
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and in complex with other ENNs (38–42). This activity has 
been confirmed in the blowfly Calliphora erythrocephala, in 
the mosquito larvae (Aedes aegypti), in the spruce budworm 
(Choristoneura fumiferana) and against the plant-parasitic 
nematode Meloidogyne javanica (38–40). Moreover, ENN B 
partially inhibited spore germination of B. cinerea (42). However, 
no insecticidal activity of ENN B was found by Mulè et al. (43) 
against larvae of Galleria mellonella.

Enniatin B exhibits antibacterial activity against some 
pathogens of humans, such as Escherichia coli (CECT 4782), 
Enterococcus faecium (CECT 410), Salmonella enterica (CECT 
554), Shigella dysenteriae (CECT 584), Listeria monocytogenes 
(CECT935), Yersinia enterocolitica (CECT 4054), Clostridium 
perfringens (CECT 4647), Pseudomonas aeruginosa (CECT 
4628), and two strains of Staphylococcus aureus (CECT 240 and 
CECT 976) (44). Moreover, antibacterial effect of ENN B has 
been demonstrated against Mycobacterium phlei and M. paratu-
berculosis (45–47).

On the other hand, ENN B acts also as antifungal agent for 
Beauveria bassiana (CECT 20499, CECT 20191, CECT 20412) 
and Trichoderma harzianum T22 (48). A mixture of ENNs (ENN 
A, A1, B, and B1 in ratio 5:15:35:45) caused necrotic lesions 
in potato tuber tissue (49) and ENN B on knapweed leaves 
(Centaurea maculosa) when exposed with acetamido-butenolide 
(50). Combination of ENN A + ENN B showed decreased leaf 

and root development, wilting of shoots, necrosis of leaves, and 
loss of turgor (51, 52).

BiOCHeMiCAL ACTiviTY OF eNN B

ionophoric Properties
The ionophoric property of ENNs allows them to be capable of 
promoting the transport of mono- and divalent cations through 
membranes leading to toxic actions via disturbances in their 
normal physiological concentrations (1). The primary action 
is the ionophoric property, which enables ENNs to form stable 
complexes with cations, and transport them into the lipophilic 
phase (1) evoking changes in intracellular ion concentration, 
disrupting cell functions (Figure 2) (53).

The ability of the ENNs to form complexes with alkali metal 
ions and increase the cationic permeability of membranes has 
been previously documented (54, 55). In particular, cations 
transported by ENNs in liposome seems to involve a mobile car-
rier mechanism which is selective for K+ versus Na+, requiring 
two ENN molecules, and it is realized by a “sandwich” model 
(56). ENNs form both 1:1 and 2:1 ENN:cation complexes 
with alkali, alkaline earth, and various transition metal ions. 
The probability of the 3:2 conformations is much less than 
the two other conformations (57). It has been suggested that 
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TABLe 1 | In vivo toxicity studies of enniatin B (ENN B).

Animal Dosage/route effects Reference

Broiler chicken 0.2 mg/kg b.w.

Bolus

Tissue bioaccumulation Fraeyman et al. (63)

Mice 5 mg/kg b.w.of ENN B

Intraperitoneal on two consecutive days

No acute damage

Tissue bioaccumulation

Rodríguez-Carrasco et al. (22)

Mice 1.25–40 mg/kg b.w. (every 8 h)

Intraperitoneal

Mice died in 2–5 days (10–40 mg/kg b.w.)

Reduction of weight

No anti-HIV activity

McKee et al. (19)

Pigs 0.05 mg/kg b.w.

Oral bolus

Absorption

ENN B > B1 > A1 > A

Devreese et al. (62)

Wistar rats Mixture of ENNs containing 1.19, 2.16, 1.03  
and 1.41 mg/kg b.w.of ENN A, A1, B, and B1

Oral

No adverse effect Escrivá et al. (23)
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electronic, inductive, or steric effects could indirectly stabilize 
the 2:1 complex. Cation selectivity was ranked as follows: 
K+ > Ca2+ ≥ Na+ > Mg2+ > Li+ (56). In addition, the transport 
efficiency appears to be related to the hydrophobic trait of the 
ENN molecules. The largest conductivity was shown for ENN B, 
followed by ENN A1 and B1 (56).

The mitochondriotoxic properties of ENNs have been dem-
onstrated in isolated rat mitochondria (11). The mitochondrial 
effects were strongly connected with the K+ ionophoric activity 
with ENNs inducing K+ uptake by mitochondria. Moreover, 
they decreased the calcium retention capacity of the mitochon-
drion matrix leading to the mitochondrial membrane potential 
(MMP) collapse via permeability transition pore (PTP) open-
ing (11, 58).

enzyme inhibitor
The inhibition of the activity of ACAT by ENN B has been 
demonstrated (32). Such inhibition could be significant in the 
treatment and prevention of atherosclerosis and hypercho-
lesterolemia. Trenin et  al. (59) showed strong hypolipidemic 
activity of ENN B in human hepatoma HepG2 cells as a result 
of the inhibition of ACAT activity, triglyceride biosynthesis, and 
diminished pool of free fatty acids in the cells.

Other Biochemical Properties
Enniatin B was the most effective inhibitor of one of the major 
multidrug efflux pumps such as Pdr5p6 in Saccharomyces cerevi-
siae at non-toxic concentrations (60). The inhibition mechanism 
is clearly different from its function as an ionophore (60). This 
ENN B property may be important for the clinical use in combi-
nation with chemotherapeutic drugs.

Enniatins interact with membrane-located ATP-binding cas-
sette (ABC) transporters7, especially with ABCB1 and ABCG2 

6 Yeast multidrug resistance protein that belongs to the family of ABC transporters. 
Pdr5p has been shown to confer resistance to a wide range of compounds and 
metal ions.
7 The ABC transporter superfamily is the largest transporter gene family. These 
proteins translocate a wide variety of substrates including sugars, amino acids, 

transporters, suggesting potential influences on bioavailability 
of xenobiotics and pharmaceuticals (61).

TOXiCiTY OF eNN B

Few toxicological studies of ENN B have been performed in vivo. 
Table 1 illustrates in vivo studies carried out with ENN B alone 
and in combination with other ENNs. In vivo toxicokinetic tri-
als using pigs demonstrated a higher bioavailability of 91% for 
ENN B (62). Interestingly, Rodríguez-Carrasco et al. (22) found 
no acute toxicity in mice after intraperitoneal administration, 
although ENN B bioaccumulation in the lipophilic tissues was 
observed. According to Fraeyman et al. (63), ENN B was read-
ily distributed to broiler chicken tissues, with mean volumes of 
distribution of 33.91 L/kg.

Comparing to in vitro studies, the number of studies in vivo 
is very low. In vitro cytotoxicity studies have been carried out for 
individual ENN B as well as for mixtures of ENNs, since mycotox-
ins, either from the same or from different fungal species, occur 
simultaneously in plant and food products (12). A scheme of 
in vitro studies on ENN B is shown in Figure 3.

In Vitro Cytotoxicity
Cytotoxicity Studies of Individual ENN B
Different cell lines and assays have been chosen to determine 
ENN B cytotoxicity. Table 2 collects the cytotoxic activity studies 
performed in several cell lines exposed to ENN B tested indi-
vidually and in complex with other ENNs (ENN A, A1, and B1)  
according to the type of cells, the toxicity endpoint, and the 
time of exposure. Data from literature show that human colon 
intestinal Caco-2 cells have been the most studied cell line when 
ENN B is applied alone (not in complex mixture), followed by 
HepG2 and CHO-K1 cells (Table 2). Exposure time goes from 
3 to 72 h and the ENN B IC50 values ranged in: (i) Caco-2 cells 
from 1.4 to >30 μM; (ii) HepG2 cells, from 0.9 to 435.9 µM; and 
(iii) CHO-K1 cells from 2.80 ± 0.16 to 11 µM. The lowest value 

metal ions, peptides, and proteins, and a large number of hydrophobic compounds 
and metabolites across extra- and intracellular membranes.
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FiGURe 3 | Schema showing in vitro effects of enniatin B (ENN B).
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obtained was 0.50 of ED50 in HepG2 cells, suggesting higher 
sensitivity of this type of cells to ENN B. HT-29, MRC-5, and V7 
cell lines were also studied with different ENNs individually and 
IC50 concentrations ranged from 1.4 to 16.8 µM for HT-29, from 
0.6 to 9.8 µM for MRC-5, and from 2.5 ± 0.4 to 43 ± 20 µM for 
V7 cells, respectively.

Cytotoxicity Studies of Combined Mycotoxins 
Including ENN B
There are several studies involving mixtures of ENNs including 
ENN B, as shown in Table 2; some of these ENNs mixtures do 
not indicate exactly the percentage of each ENN. Review of the 
literature showed that the lowest IC50 value obtained with mixture 
of ENNs was for MVP-overexpressing subline cells (GLC-4/adr) 
with 1.41  ±  0.20  µM at 72  h and, the highest was obtained in 
porcine kidney cells (PK-15) with 41  µM at 72  h, followed by 
IC50 > 10 µM at 72 h for human lung cancer cells (VL8), embryonic 
fibroblast cells (WI-38), and human glioblastoma cells (T98-G).

Studies about cytotoxicity effects of ENN B in combination 
with other ENNs, and ENN B in combination with other myco-
toxins, are collected in Table 3. ENN B was tested in combination 
with ENN A, A1, and B1 by Prosperini et al. (31) in Caco-2 cells 
and by Lu et  al. (30) in CHO-K1 cells. Both studies aimed to 
investigate the type of interaction that occurs when ENNs appear 
in combination such as: synergism, antagonism, or additive effect 
by using isobologram method (70). The analysis was performed 
by testing binary and ternary combination in CHO-K1 and 
binary, ternary, and quaternary combination in Caco-2 cells. 
Prosperini et al. (31) reported a reduction of Caco-2 cell viability 
(%) in a dose-dependent manner for binary mixture tested in the 
following increasing order: ENN A  +  ENN A1 (48%)  =  ENN 
A1 + ENN B1 (47%) > ENN A1 + ENN B (35%) = ENN A + ENN 
B (33%) = ENN A + ENN B1 (32%) > ENN B + ENN B1 (26%). 
Similarly, tertiary and quaternary mixtures reduced cell viability 
in a dose-dependent manner with a reduction in viability of 
approximately 40%. Generally, additive cytotoxic effect was 
observed for all combinations; however, synergistic effects were 
observed for the following mixtures: ENN B + ENN A1, ENN 

B1 + ENN A1, and ENN A + ENN A1 + ENN B and, a moderate 
antagonism was produced by ENN B + ENN B1 combination.

Lu et  al. (30) found that the binary combinations ENNs 
A + B1, ENNs A1 + B, and ENNs B + B1 showed additive effects 
with all concentrations tested in CHO-K1 cells. Synergistic 
effect of combined ENNs A + A1, A + B, A1 + B1, A + A1 + B, 
A  +  A1  +  B1, A  +  B  +  B1, and A1  +  B  +  B1 at higher con-
centrations occurred. Synergism effect was observed at higher 
concentrations with binary and tertiary combinations of ENN A, 
while antagonism effects were obtained at lower concentrations 
for ENNs A + A1 + B1 and ENNs A1 + B + B1.

In addition, studies about the combination of ENNs with other 
mycotoxins have been carried out (15, 65, 71). Briefly, ENN B, 
tested with beauvericin, had additive cytotoxic effect on Human 
hematopoietic progenitors (71). Binary mixtures of ENN B 
with ZEA, DON, and nivalenol showed antagonistic and strong 
antagonistic effects on Caco-2 cell viability (65). As Fernandez-
Blanco et al. (15) reported, mixtures of ENN B + DON and ENN 
B + Alternariol (AOH) were found to be synergic, depending on 
the concentrations tested.

Oxidative Stress
One of the key players in the production of oxidative stress is 
reactive oxygen species (ROS). Moreover, intracellular ROS 
generation in the hydrophobic compartment of a cell can induce 
lipid peroxidation (LPO).8 ROS generation and LPO have been 
observed in mammalian cells exposed to ENN B (10, 16). In 
addition, Ivanova et  al. (10) found that ENN B-induced ROS 
production after 3 h exposure to ENN B in Caco-2 cells that were 
generated downstream the ENN B-induced cytotoxic events by 
the mitochondria. On the contrary, Dornetshuber (68) dem-
onstrated that genotoxic potential and cytotoxicity of ENNs is 
independent of ROS generation. Further research is needed in 
this area.

8 Lipid peroxidation can be described generally as a process under which oxidants 
such as free radicals attack lipids containing carbon-carbon double bond(s), 
especially polyunsaturated fatty acids.
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TABLe 2 | In vitro cytotoxicity studies on enniatin B determined by different toxicity endpoint, time of exposure and cell types.

Cell lines Cell types Parameter exposure 
time (h)

iC50 (μM) Reference

A427 Human lung cancer MTT 72 ENNmix: 1.61 ± 0.14 Dornetshuber et al. (33)
A549 ENNmix: 4.08 ± 1.04

Balb 3T3 Mouse embryo fibroblast ATP production 24 ED50: 8.4 ± 0.76 Jonsson et al. (13)
BrdU ELISA ED50: 4.24 ± 0.06
Apoptosis induction ED50: 11

Caco-2 Human colon adenocarcinoma NR 3, 24 10.0 ± 3.8–2.1 ± 0.4 Ivanova et al. (10)
24, 48, 72 >15–1.4 ± 0.2 Prosperini et al. (16)

24, 48 >30 Meca et al. (44)
24, 48 No IC50 value obtained Meca et al. (64)

72 ENNmix: 1.99 ± 0.09 Dornetshuber et al. (33)
24, 48, 72 >15–11.7 ± 2.4 Prosperini et al. (31)

WST-1 24 6.3 Vejdovszky et al. (65)

CHO-K1 Chinese hamster ovary MTT 24, 48, 72 11.0 ± 2.65–2.80 ± 0.16 Lu et al. (30)
24 11.0 ± 2.65 Lombardi et al. (66)

C6 Rat glioma MTT 3, 24 ENNmix: 2.5–10 Wätjen et al. (34)

GLC-4 Breast adenocarcinoma MTT 72 ENNmix: 2.40 ± 1.53 Dornetshuber et al. (33, 61)

GLC-4/adr MVP-overexpressing subline MTT 72 ENNmix: 1.41 ± 0.83 Dornetshuber et al. (61)

GBL1 Human Glioblastoma MTT 72 ENNmix: 2.65 ± 0.30 Dornetshuber et al. (33)
GBL2 ENNmix: 2.29 ± 0.05
GBL3 ENNmix: 2.55 ± 0.14
GBL4 ENNmix: 2.33 ± 0.30

H-4IIE Rat hepatocarcinoma MTT 3, 24 ENN A1, B and B1: 1–1.5 Wätjen et al. (34)

Hep G2 Human hepatocarcinoma MTT 24, 48 No IC50 value obtained Meca et al. (64)
3, 24 ENN A1, B and B1: 10 Wätjen et al. (34)

Alamar Blue BrdU 24 206.7–435.9 Ivanova et al. (18)
0.9–1.1

ATP production 24 ED50: 2.9 ± 0.7 Jonsson et al. (13)
BrdU ELISA ED50: 0.50 ± 0.09

Qaudroprobe multiparametric 
liver toxicity assaya

24, 72 0.9b Svingen et al. (27)

HL60 Promyelocityc leukemia carcinoma MTT 72 ENNmix: 1.74 ± 0.20 Dornetshuber et al. (33, 61)

HL60/vinc ABCB1-overexpressing subline MTT 72 ENNmix: 2.40 ± 0.14 Dornetshuber et al. (61)

HL60/adr ABCC1-overexpressing subline MTT 72 ENNmix: 2.1 ± 0.12 Dornetshuber et al. (61)

HT-29 Human colon adenocarcinoma MTT 24, 48 2.8 ± 0.9 Meca et al. (64)

HUVEC Human endothelial MTT 72 ENNmix: 7.89 ± 0.21 Dornetshuber et al. (33)

KB-3-1 Epidermal carcinoma MTT 72 ENNmix: 1.95–0.12 Dornetshuber et al. (33, 61)

KBC-1 ABCB1-overexpressing subline MTT 72 ENNmix: 1.77 ± 0.04 Dornetshuber et al. (61)

MDA-MB-231 Alveolar epithelial MTT 72 ENNmix: 2.36 ± 1.57 Dornetshuber et al. (33, 61)

MDA-MB-231/adr ABCG2-overexpressing subline MTT 72 ENNmix: 3.18 ± 1.70 Dornetshuber et al. (61)

MGC Human glioblastoma MTT 72 ENNmix: 3.04 ± 0.58 Dornetshuber et al. (33)

MRC-5 Fibroblast-like fetal lung Alamar Blue BrdU 24 1.9–9.8 Ivanova et al. (18)
1.9–3.6

OS 9 Human osteosarcoma MTT 72 ENNmix: 3.55 ± 0.77 Dornetshuber et al. (33)
OS 10 ENNmix: 2.10 ± 0.15

Porcine kidney 
cells-15

Porcine Kidney MTT 72 ENNmix: 41 Uhlig et al. (67)

RAW 264.7 Murine macrophage Alamar blue 24 2.6 Gammelsrud et al. (35)
NR 4.7

SAOS Human osteosarcoma MTT 72 ENNmix: 2.13 ± 0.07 Dornetshuber et al. (33)
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TABLe 3 | Combinedeffect of ENN B tested in combination with other mycotoxins by in vitro methods.

Cell line Mycotoxin combination effect interaction (in the combination) Reference

Caco-2 ENN A + A1 Cytotoxicity Add Prosperini et al. (31)
ENN A + B
ENN A + B1
ENN B + B1
ENN A + A1 + B1
ENN A + B + B1
ENN A1 + B + B1
ENN A + A1 + B + B1

ENN A1 + B1 Syn
ENN A1 + B
ENN A + A1 + B

ENN B + B1 Ant

ENN B + ZEA Cytotoxicity Ant Vejdovszky et al. (65)
ENN B + DON

ENN B + NIV Strong
Antagonism 

ENN B + AOH Syn Fernandez-Blanco et al. (15)
ENN B + DON Add/Syn
ENN B + AOH + DON Add/Syn

CHO-K1 ENN A + B1 Cytotoxicity Add Lu et al. (30)
ENN A1 + B
ENN B + B1

ENN A + A1 Syn
ENN A + B
ENN A1 + B1
ENN A + A1 + B
ENN A + B + B1

ENN A + A1 + B1 Ant
ENN A1 + B + B1

Human hematopoietic progenitors BEA + ENN B Myelotoxicity Add Ficheux et al. (71)

AOH, alternariol; DON, deoxynivalenol; ZEA, zearalenone; NIV, nivalenol; ENN, Enniatin.

Cell lines Cell types Parameter exposure 
time (h)

iC50 (μM) Reference

SW1537 Small cell lung carcinoma MTT 72 ENNmix: 2.16 ± 0.12 Dornetshuber et al. (61)

SW1537/2R160 ABCB1-overexpressing subline MTT 72 ENNmix: 2.69 ± 0.60 Dornetshuber et al. (61)

SW480 Small cell lung carcinoma MTT 72 ENNmix: 4.00 ± 1.12 Dornetshuber et al. (33)

T98-G Human glioblastoma MTT 72 ENNmix: >10 Dornetshuber et al. (33)

U373 Human glioblastoma MTT 72 ENNmix: 4.88 ± 0.09 Dornetshuber et al. (33)

U2-OS Osteosarcoma MTT 72 ENNmix: 1.77 ± 0.24 Dornetshuber et al. (33)

V79 Chinese hamster fibroblast NR 48 4.4 Dornetshuber et al. (68)

Alamar blue 24–48 34 ± 20–2.5 ± 0.4 Föllmann et al. (69)
NR 36 ± 16–4 ± 1.5

43 ± 20–3.9 ± 3.9Protein content (BCA)

VM8 Melanoma MTT 72 ENNmix: 3.19 ± 0.85 Dornetshuber et al. (33)
VM18 ENNmix: 2.67 ± 0.08
VM22 ENNmix: 1.75 ± 0.15
VM33 ENNmix: 9.65 ± 0.13
VM25 ENNmix: 2.72 ± 0.11

VL8 Human lung cancer MTT 72 ENNmix: >10 Dornetshuber et al. (33)

WI-38 Embryonic fibroblast MTT 72 ENNmix: >10 Dornetshuber et al. (33)

IC50 = inhibitory concentration at which 50% of enzyme activity is inhibited; ED50 = effective dose at which 50% of cells are affected.
aUsingfour fluorophore probes, six cytotoxicity-associated parameters were analyzed simultaneously: nuclear count and size, plasma membrane integrity, lysosomal activity, 
mitochondrial membrane potential, and mitochondrial area.
bThe concentration that deviated significantly from the control cell responses.
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impairment of Cell Cycle Distribution
Cell cycle is the entire process by which a cell undergoes cell divi-
sion. Cell cycle phases are: the G1 phase, where cells are preparing 
for DNA, RNA, and protein synthesis, the S phase where DNA is 
synthesized, the G2 phase, where cells are preparing for mitosis, 
and finally the M phase (mitosis) where two daughter cells are 
generated. Cells can remain in a quiescent phase (G0 phase) and 
they need growth factors to enter the G1 phase.

It has been demonstrated that mycotoxins can disturb the nor-
mal cell cycle distribution due to their anti-proliferative effects on 
several cell types, with an accumulation of cells in one or more 
phases of the cell cycle (14)9. Juan-García et al. (72) observed that 
in HepG2, ENN B provoked a higher percentage of cells arrested 
at G0/G1 at 48 h than ENN A. A similar behavior was reported by 
Gammelsrud et al. (35) on murine monocytes macrophage RAW 
267.4 cells: an increase in percentage of cells in G0/G1 phase 
when treated during 24 h with ENN B (from 1.25 to 10 µM). In 
general, cell accumulation during cell cycle in any phase after a 
treatment indicates an anti-proliferative activity of the compound 
or compounds used. The same behavior was observed in several 
human cancer cell lines by Dornetshuber et al. (33).

In Caco-2 cells, as described by Prosperini et al. (16), ENN 
B (3 µM) induced an arrest of the cell cycle in G2/M phase after 
72 h of exposure with a significant increase in G2/M cell number 
compared to the control. A decrease of the S phase cell population 
and an increase in SubG0/G1 were also observed.

A noticeable increase of cells in the G2/M phase in Caco-2 cells after 
ENN B treatment was also observed by Ivanova et al. (10) confirming 
the impairment of mitosis. This type of arrest has been described as 
a possible consequence of external stimuli leading to apoptosis by 
activation of the caspase pathway or to non-apoptotic mitotic death.

Apoptosis/Necrosis
Enniatin B alone and in mixture with other ENNs induced apop-
tosis in several cell lines with nuclear fragmentation and apop-
totic body formation (13, 14, 16, 33–35, 68, 69, 72). Moreover, the 
necrotic cell death has been also reported (10, 16, 35). Apoptotic 
effect and necrotic10 pathway was observed in Caco-2 cells after 
48 h of exposure to ENN B (10, 16).

Juan-García et al. (72) found that both ENN B and ENN A 
(1.5 and 3.0 µM) caused apoptosis in HepG2 cells, after 48 h of 
exposure, identifying ENN B more toxic than ENN A. Necrotic 
pathway was not observed. Similar results were obtained in 
mouse embryo fibroblast (Balb 3T3) cells (from 11 to 45  µM) 
(13), in murine monocyte (RAW 267.4) macrophages (35) and in 
human adrenocortical carcinoma cell line H295R (36).

9 The natural cell cycle includes a number of checkpoints that allow the cell to deter-
mine whether to proceed with division or stop. These halts can also be induced by 
external factors like chemicals. Research on cell cycle arrest provides important 
information about how cells regulate themselves and what happens when these 
processes go wrong.
10 Two different ways of cells can die are apoptosis or necrosis. Apoptosis is described 
as an active, programmed process of autonomous cellular dismantling that avoids 
eliciting inflammation. Necrosis has been characterized as passive, accidental cell 
death resulting from environmental perturbations with uncontrolled release of 
inflammatory cellular contents.

MMP Disruption
Mitochondria have been recognized for their role in mediating 
physiological processes and their involvement in signal trans-
duction and regulation of cell proliferation and differentiation. 
They are involved also in cell death regulation, i.e., necrosis and 
apoptosis. Due to this role, mitochondria are vulnerable to the 
toxic effects of xenobiotics that interfere in cellular energy pro-
duction. Apoptosis and necrosis induced cell death by cytotoxic 
agents involve similar metabolic disturbances and above all, 
mitochondrial permeability transition (MPT). Mitochondrial 
events of apoptosis and necrosis involve opening of a pore in the 
inner mitochondrial membrane, referred as mitochondrial PTP 
(MPTP) and the consequent dissipation of membrane potential 
(73). The dissipation of the MMP results from the unequal dis-
tribution of ions (mainly protons) on the inner mitochondrial 
membrane. The MMP disruption suggests that the proton-
moving force and/or the inner membrane permeability has been 
affected during cell damage. The dissipation of MMP is a general 
feature of both cell death types (16).

Measurements of MMP are carried out by using lipophylic 
dyes, which pass through cell membranes and accumulate 
according to their charge. The alteration of fluorescent intensity 
can be determined by flow cytometry. Among these dyes, the 
tetramethylrhodamine methyl ester (TMRM), coupled with the 
carbocyanine monomer nucleic acid (To-Pro-3), has been used 
to determine the mitochondrial starting depolarization and cells 
progressing to death through apoptosis (72).

The disruption of MMP has been demonstrated in KB-3-1 
cells exposed to ENNs mixture (33), and to ENN B in Caco-2 
and HepG2 cells (10, 16, 72). The exact mechanism by which 
pro-oxidant mycotoxins induced pore opening is still not fully 
understood. At least two molecular sites of the complex contribute 
to this effect. The first site is a redox sensitive membrane dithiol 
group that can be oxidized by ROS (produced by mycotoxins), the 
second one remains undetermined.

Mitochondrial membrane potential was measured also by 
Svingen et al. (27) by the Hep-G2 quadroprobe multi-parametric 
liver toxicity assay. The strongest effect was seen for plasma mem-
brane integrity, with concomitant effects on mitochondrial area/
mass and mitochondrial potential, confirming the involvement of 
mitochondria in ENNs toxicity (11).

estrogenic Activity
Recently, an investigation to evaluate possible endocrine dis-
ruptor effects11 of ENN B was conducted by Kalayou et al. (36) 
demonstrating that in the human adrenocortical carcinoma cell 
line H295R, ENN B (10  µM) was able to reduce progesterone, 
testosterone, and cortisol production at a non-cytotoxic concen-
tration. Higher concentrations (>10 μM) reduced both estradiol 
and testosterone levels in Leydig cells (36). Additional research 

11 Chemicals that mimic or antagonize the in vitro and/or in vivo actions of naturally 
occurring estrogens are typically defined as having estrogenic activity or anti-
estrogenic activity. Effects on estrogen signaling represent the most common and 
best studied endocrine disruptor activity.
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should be conducted using ovarian steroid producing cells such 
as granulosa cells.

Genotoxicity
Genotoxicity12 seems to be not involved in ENN B induction of 
cell death. As reported by Follmann et al. (69), ENN B, despite 
its high cytotoxic potential, did not induce any DNA damage 
by the alkaline Comet Assay in V79 cells after concentrations 
ranging from 1 to 100 µM. Results are in accordance with those 
obtained by Gammelsrud et al. (35) and Prosperini et al. (16) in 
Caco-2 cells.

eMeRGiNG FiNDiNGS OF eNN B

Some researchers are underlying the anticancer potential of 
ENN B (33, 34, 61, 68). Apoptosis with the involvement of p53 
and p21 genes was found by Dornetshuber et  al. (33), which 
tested a mixture of ENNs against several human cancer cells, 
promoting ENNs as anticancer drugs, according also to Wätjen 
et al. (34) and Dornetshuber-Fleiss et al. (37). In these surveys, 
ENNs caused caspase 3/7 activation in hepatoma H4IIE cells and 
caspase-7 activation in the KB-3-1 cell line, respectively, as well 
as nuclear fragmentation.

Enniatin B is capable of resisting expulsion by the ABC trans-
porters, and also naturally targets tumor cells more specifically 
than other chemotherapeutic agents. The action is synergic with 
the clinically approved multi-kinase inhibitor sorafenib (Sora) 
showing profound synergistic in  vitro and in  vivo anticancer 
effects against cervical cancer (37).

CONCLUDiNG ReMARKS

Mycotoxins constitute a serious health concern both for animals 
and for humans, besides economic problems. Productive and 
nutritive values of food and feed can be compromised by mold 

12 Genotoxicity is defined as the destructive effect on a cell’s genetic material (DNA 
and RNA) affecting its integrity.

and mycotoxin contamination, and toxicological risk derived 
by ingestion is constantly under Authorities control. Regarding 
ENNs, a risk assessment is still not available, despite its clear 
toxicity in vitro and its presence in food and feed.

Indeed, several in  vitro and in  vivo studies have revealed 
that ENN B interacts with primary target molecules, induce 
signaling pathways and effector mechanisms, affects the bio-
logical response of cell defenses, promotes cell damage, produces 
potential interactions between food contaminants (particularly 
other mycotoxins) leading to abnormally high response, and 
other molecular events underlying ENN B toxicity. Nevertheless, 
regulatory limits have not yet been defined, due to a lack of 
complete toxicity data.

However, in the last decade, novel findings about a potential 
therapeutic action of ENNB have been proven. These promising 
findings introduce a new aspect of this toxic compound. Future 
research focused on elucidating the toxic mechanism of ENN 
B as well as its anticancer activity could better clarify the real 
potential of ENN B. These research findings could contribute 
to establish emerging therapeutic strategy to chronic health 
problems.

This review wanted to collect all available data regarding 
toxicological aspect and emerging findings on ENN B in order to 
underlying the need to continue to study toxic/emerging effects 
of this compound to finally protect and improve both animal and 
human well-being.
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Background: Undernutrition increases the risk of progression from Tuberculosis (TB)

infection to active TB disease and further leads to weight loss. Proper diet and nutrition

play significant roles in treating TB patients. Active TB needs high energy requirement.

The main aim of this study is to assess the dietary intake and nutritional status of TB

patients in Pokhara city of Nepal.

Methods: A cross-sectional descriptive study was carried out among 133 TB patients

taking anti-tubercular drug. Data were collected using sequential sampling method. Data

were collected from 4th October to 7th November, 2016.

Results: This study revealed that about one-fifth of TB patients did not consume

sufficient amount of calories as per RDA. More than one-third of patients were

underweight during the time of registration and this is reduced to 21.8 percent in the

present situation. Mean BMI was 20.99 kg/m2 (SD ± 5.81). Similarly, the mean BMI

among Pulmonary TB (PTB) is 19.82 and 22.52 kg/m2 in Extra PTB. Working conditions

and food intake frequency were significantly associated with calorie intake. This study

found that the amount of calories, food frequency per day, types of TB, and nutritional

status during registration were found to be associated with recent nutritional status. The

statistical difference between mean BMI at registration and recent BMI and mean weight

at registration and recent weight.

Conclusion: Nutritional status has improved comparatively from the time of registration

to the time of study. Proper nutritional counseling should be given to TB patients along

with nutritional support to severely malnourished patients, and nutritional assessment of

TB patients should be done periodically.

Keywords: tuberculosis, nutrition, diet, TB patients, Nepal

INTRODUCTION

Tuberculosis (TB) is caused byMycobacterium tuberculosiswhich often affect the lungs, although it
can spread to other organs in the body (1). TB is the second deadliest disease worldwide caused by a
single infectious agent (1). Globally, in 2014, 9.6 million people were estimated to have fallen ill with
TB; among them, 3.2 million were women, 5.4 million were men, and 1.0 million were children.
Of the 9.6 million TB cases, in 2014, 12% of them were HIV positive. Now, TB ranks along with
HIV as a leading cause of death worldwide (2). However, TB is completely curable through a short
course of chemotherapy (DOTS), which has been recognized as a highly cost-efficient and effective
strategy (3).
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TB spreads from person to person through the air (4). There
are two kinds of TB infections: latent and active. In latent TB,
the bacteria remain inactive and do not show any typical signs
and symptoms of TB. While they are not contagious, they can
become active at any time. In active TB, the bacteria show signs
and symptoms of TB and are contagious to others (1). Symptoms
of active pulmonary TB are coughing, chest pain, fever, night

TABLE 1 | Socio-demographic characteristics of TB patients (n = 133).

Characteristics n %

Age group 10–20 18 13.5

20–30 44 33.1

30–40 27 20.3

40–50 26 19.5

50–60 7 5.3

more than 60 11 8.3

Mean = 35.23 years, SD = 15.05, Minm = 14, Maxm = 82

Sex Male 81 60.9

Female 52 39.1

Family Type Single 73 54.9

Joint 60 45.1

Family Size ≤5 members 95 71.4

>5 members 38 28.6

Mean = 4.92, SD = 2.27, Minm = 1, Maxm = 14

Marital status Unmarried 45 33.9

Married 78 58.6

Separated 2 1.5

Widow 8 6.0

Ethnicity Dalit Caste 20 15.0

Disadvantaged Janajati Caste 21 15.8

Disadvantaged Non Dalit Terai Caste 3 2.3

Advantaged Janajati Caste 44 33.1

Upper Caste 45 33.8

Religion Hindu 115 86.4

Buddhist 13 9.8

Muslim 1 0.8

Christian 1 0.8

Others 3 2.2

Occupation Agriculture 37 27.9

Employment 25 18.8

Household activity 24 18.0

Business 16 12.0

Student 16 12.0

Labor 12 9.0

Others(Trekking) 3 2.3

Education Illiterate 15 11.3

No-formal education 22 16.5

Lower secondary 28 21.0

Secondary 32 24.1

Higher secondary 36 27.1

sweats, weight loss, fatigue, and sometimes, the coughing up of
blood (5). Active TB, like other infectious diseases, requires high
energy consumption i.e., 20–30% extra energy of recommended
daily allowance (RDA). Undernutrition increases the risk of
progression from TB infection to an active TB disease. Food
insecurity and poor nutritional status in the population are
important contributors to the global burden of the TB disease
(6).

Both malnutrition and TB are of considerable magnitude in
most of the underdeveloped regions of the world. Nutritional
status is significantly lower in patients having active TB
than others (7). Therefore, the present study focused on the
dietary intake and nutritional status of TB patients in Pokhara,
Nepal.

TABLE 2 | Disease and health services utilization related information.

Characteristics n %

Types TB (n = 133)

Pulmonary TB 73 54.9

Extra PTB 60 45.1

Disease duration (n = 133)

<6 months 101 75.9

≥6 months 32 24.1

Median = 4, IQR = 3, Minm = 0, Maxm = 13

Occurrence of complication (n = 133)

Yes 43 32.3

No 90 67.7

Co-morbid diseases (n = 29)

Diabetes 9 31

Arthritis 4 13.9

Hypo-tension 4 13.9

Kidney disease 3 10.3

Hypertension 2 6.9

Gastritis 2 6.9

Thyroid 1 3.4

HIV/AIDs 1 3.4

Others 3 10.3

Treatment CAT (n = 133)

CAT I 119 89.5

CAT II 14 10.5

Start to take medicine after illness (n = 133)

≤1 month 77 57.9

>1 month 56 42.1

Mean = 0.97, SD = 1.67

Phase of medication (n = 133)

Intensive phase 37 27.8

Continuous phase 96 72.2

Duration of missing medication (n = 15)

Not defaulted 14 93.3

Defaulted 1 6.7

Median = 6 days, IQR = 11, Minm = 1, Maxm = 99
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TABLE 3 | Food related information.

Characteristics n %

Frequency of food

intake in a day

(n = 133)

≤4 times

>4 times

47

86

35.3

64.7

Median = 4, IQR = 1, Minm = 2, Maxm = 6

Meal not prepared at

house consumption

per week (n = 66)

≤2 days

>2 days

26

40

39.4

60.6

Median = 2, IQR = 4

Protein rich food* Pulses 123 92.5

Meat 121 91.0

Egg 107 80.4

Milk and milk product 104 78.2

Fish 57 42.9

Protective food* Vegetables 130 97.7

Fruits 125 93.9

Calorie intake per day

(n = 133)

Not sufficient

Sufficient

29

104

21.8

78.2

Mean = 3239.39 Kcal, SD = 1352.47, Minm = 339Kcal,

Maxm = 7626.75 Kcal

*based on multiple response analysis.

METHODS

This was a cross-sectional descriptive study conducted among
TB patients taking anti-tubercular drug in Pokhara, Nepal, from
4th October to 7th November, 2016. The total number of TB
patients in Pokhara were 203 in FY 2072/73. The sample size was
determined by assuming the prevalence of malnutrition in TB
patients to be 51% (8), 95% confidence limit, and 5% marginal
error, and the sample size was 133.

List of total 12 Directly Observed Treatment Short Course
(DOTS) centers in Pokhara was obtained from District Public
Health Office (DPHO), Kaski, and arranged from numbers one to
twelve. A sequential sampling technique was used. Of them, the
required sample size was met at the 11th DOTS center. Patients
who visited the DOTS center during the data collection period
were included in the study.

The structured questionnaire was developed referencing STEP
wise approach to Surveillance (STEPS) survey, Nepal (9, 10), and
was translated into the Nepali language. The questionnaire was
pre-tested on 10% of the total sample in Tanahun, Nepal. Primary
data collection was performed through face-to-face interviews.
Tools for the data collection were a structured questionnaire,
checklist (patient treatment card), bathroom scale weighing
machine for weight measurement, stature meter for height
measurement, and locally available cups, plates, and glasses for
measuring the amount of food consumed.

Data were entered into EpiData software and analyzed by
using SPSS 20 version software. Univariate and bivariate analyses
were performed for data analysis. The size of dishes used to
measure the amount of food was of 250ml, which was equivalent
to a standard cup size. Through this reference, the amount of food
was converted into a standard serving size, and the daily energy

TABLE 4 | Nutritional Status of TB patients.

Characteristics n %

Recent nutritional

status (n = 133)

Underweight

Normal

Over weight

29

81

23

21.8

60.9

17.3

Mean BMI = 20.99 k.g/m2, SD = 5.81, Minm = 13.699

kg/m2, Maxm = 32.8999 kg/m2

FURTHER CLASSIFICATION OF NUTRITIONAL STATUS

Undernutrition

(n = 29)

Severe thinness

Moderate thinness

Mild thinness

6

4

19

20.7

13.8

65.5

Over weight

(n = 23)

Pre-obese

Obese class I

19

4

82.6

17.4

BASIS OF CALORIE INTAKE

Not sufficient

calorie intake

(n = 29)

Malnutrition

Normal

Over weight

9

13

7

31

44.9

24.1

Sufficient calorie

intake (n = 104)

Malnutrition

Normal

Over weight

20

68

16

19.2

65.4

15.4

intake was calculated by Nutrition facts 0.9.5.0 version and Food
tables (11).

The study protocol was reviewed and approved by
the Ethical Review Committee of Pokhara University
Research Centre and permission was taken from DPHO
Kaski. Informed verbal consent was obtained from all the
participants prior to data collection, and data confidentiality was
maintained.

RESULTS

Out of 133 participants, the majority (33.1%) of them were
between 20 and 30 years of age, with the mean age being 35.23
years (SD ± 15.05). More than half (60.9%) of them were males.
Most were predominantly upper caste by ethnicity and Hindu by
religion (Table 1).

Information related to diseases and health service utilization
among TB patients is given in Table 2. More than half of
the patients have Pulmonary TB. 57.9% TB patients started
medication in less than 1 month after diagnosis.

Information related to food and its consumption is given in
Table 3. The majority (78.2%) of the participants consumed a
sufficient amount of calories, whereas 21.8% did not. The mean
was 3239.39 (SD± 1352.47).

The nutritional status among TB patients is given in Table 4.
Mean weight and height were 51.98 kg and 1.57m, respectively.
Relatively, a higher percent were underweight (21.8%) than
overweight (17.3%).

Factors which are associated with calorie intake are shown
in Table 5. Working conditions and food intake frequency were
significantly associated with calorie intake. Socio-demographic
factors and disease-related factors were not found to be associated
with calorie intake.
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TABLE 5 | Factors associated with calorie intake.

Characteristics Not sufficient Sufficient p-value UOR (95% CI)

CALORIE INTAKE

Sex Male 19 (23.5%) 62 (76.5%) 0.565 1.29 (0.54–3.04)

Female 10 (19.2% ) 42 (80.8%)

Age ≤30 13 (21.7%) 47(78.3%) 0.97 0.98 (0.43–2.25)

>30 16 (21.9%) 57 (78.1%)

Ethnicity Dalit/Disadvantaged group 12 (27.3%) 32 (72.7%) 0.28 1.58 (0.68–3.7)

Upper/Advantaged group 17 (19.1%) 71 (80.9%)

Religion Hindu 28 (23.7%) 90 (76.3%) 0.24# 4.35 (0.54–34.6)

Other than Hindu 1 (6.7%) 14 (93.3%)

Working condition Working 33 (35.5%) 60 (64.5%) 0.007* 3.85 (1.36–10.7)

Not working 5 (12.5%) 35 (87.5%)

Education Illiterate 4 (26.7%) 11 (73.3%) 0.88# –

Primary level 7 (20.6%) 27 (79.4%)

Higher than primary 18 (21.4%) 66 (78.6%)

Food frequency per day ≤4 times 15 (31.9%) 32 (68.1%) 0.037* 2.40 (1.04–5.57)

>4 times 14 (16.3%) 72 (83.7%)

Types of TB Pulmonary TB 15 (20.5%) 58 (79.5%) 0.699 0.85 (0.37–1.93)

Extra PTB 14 (23.3%) 46 (76.7%)

Treatment category CAT I 24 (20.2%) 95 (79.8%) 0.18 0.45 (0.14–1.48)

CAT II 5 (35.7%) 9 (64.3%)

Duration of start medication after illness ≤1 month 17 (22.1%) 60 (77.9%) 0.929 1.03 (0.45–2.39)

>1 month 12 (21.4%) 14 (78.6%)

Co-morbid condition Yes 8 (27.6%) 21 (72.4%) 0.39 1.50 (0.58–3.87)

No 21 (20.2%) 83 (79.8%)

*Statistically significant p-value from bivariate analysis, #p-value from likelihood ratio.

TABLE 6 | Factors associated with recent nutritional status.

Characteristics Normal Malnutrition p-value UOR (95% CI)

RECENT NUTRITIONAL STATUS

Sex Male 49 (60.5%) 32 (39.5%) 0.904 0.96 (0.46–1.95)

Female 32 (61.5%) 20 (38.5%)

Family size ≤5 members 57 (60.0%) 38 (40.0%) 0.73 0.87 (0.43–1.9)

>5 members 24 (63.2%) 14 (36.8%)

Food frequency per day ≤4 times 21 (44.7%) 26 (53.3%) 0.005* 0.34 (0.16–0.73)

> 4 times 60 (69.8%) 26 (30.2%)

Types of TB Pulmonary TB 32 (43.8%) 41 (56.2%) 0.025* 0.45 (0.22–0.91)

Extra PTB 38 (63.3%) 22 (36.7%)

Calorie intake Not sufficient 13 (44.8%) 16 (55.2%) 0.045* 0.43 (0.186–0.992)

Sufficient 68 (65.4%) 36 (34.6%)

Nutrition at registration Normal 61 (87.1%) 9 (12.9%) <0.001* 14.57 (6.05–35.06)

Malnutrition 20 (31.7%) 43 (68.3%)

*Statistically significant p-value from bivariate analysis.

Factors that are associated with recent nutritional status of TB
patients are given in Table 6. Food frequency, TB types, calorie
intake, and nutritional status at the time of registration were
significantly associated with the recent nutritional status of the
participants.

Statistical differences between mean BMI at registration and
recent BMI (MD −1.04; 95% CI −1.05 to −1.39; p < 0.001) and

mean weight at registration and recent weight (MD −1.52; 95%
CI−1.004 to−1.003; p < 0.001) are shown in Table 7.

DISCUSSION

This study revealed that about one-fifth of TB patients did not
consume sufficient amounts of calories as per the RDA. The study
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TABLE 7 | Mean difference between BMI and Weight at registration and recent

BMI and Weight.

p-value Mean difference 95% CI

BMI <0.001* −1.04 −1.05 to −1.39

Weight <0.001* −1.52 −1.004 to −1.003

*Statistically significant p-value based on t-test

found that 36.1% were underweight and 11.35% were overweight
during the time of registration. In contrast, studies conducted in
other countries found that 51% in Ghana (8), more than 85% in
India (12), 70.6% in Brazil (13), 57% in Malawi (14), and more
than 58% in Tanzania (15) were underweight during the time of
registration. It might be due to the difference in sampling size
and study setting. This study found that male patients were more
underweight than females. In contrast, a study conducted in India
found that females weremore underweight thanmales during the
time of registration (12). However, nutritional status improved by
15.3% in patients who had completed two months of medication.
Other studies showed that nutritional status was improved by
11% (8) and 13.5% (12) at the end of the treatment.

The prevalence of co-morbidity was 21.85%, where diabetes
was the most prevalent (31%) followed by hypotension and
arthritis. A study done in Tanzania showed that prevalence of
diabetes among PTB was 6.7% (16). In India, annual cases of TB
increased to 46% among people with diabetes (17).

This study found that the amount of calorie, food frequency
per day, types of TB, and nutritional status during registration
was found to be associated with recent nutritional status.
However, socio-demographic factors were not associated with
nutritional status, whereas a study in Tanzania found that sex
was significantly associated with nutritional status (18). In this
study, the majority (86.5%) of patients belonged to the Hindu
religion. A study conducted in immigrant Asians from South
London revealed Hindu Asians were found to have a significantly
increased risk for TB compared with Muslims (19).

CONCLUSIONS

This study revealed that about one-fifth of TB patients did
not consume the sufficient amount of calories as per the RDA.
The Mean calorie intake was 3239.39 (SD ± 1352.47). More

than one-third of the patients were underweight at the time
of registration, but this is reduced to 21.6% in the present
situation. The mean BMI was 20.99 kg/m2 (SD ± 5.81): 20.56
kg/m2 in males and 21.67 kg/m2 in females. Similarly, mean

BMI among PTB was 19.82 and 22.52 kg/m2 in Extra PTB.
The prevalence of co-morbidity was 21.85%, where diabetes was
the most prevalent (31%). Working conditions and food intake
frequency were significantly associated with calorie intake. This
study found that the amount of calories, food frequency per
day, types of TB, and nutritional status during registration were
found to be associated with the recent nutritional status. There
was statistical differences between mean BMI at registration
and after treatment and mean weight at registration and after
treatment. It was increased after treatment. The nutritional status
has improved comparatively from the time of registration to
the present situation. Proper nutritional counseling along with
nutritional support should be given to severely malnourished TB
patients, and nutritional assessment of TB patients should be
done periodically.
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environmental impacts of Plant-
Based Diets: how Does Organic 
Food consumption contribute to 
environmental sustainability?
Camille Lacour1, Louise Seconda1,2*, Benjamin Allès1, Serge Hercberg1,3,  
Brigitte Langevin4, Philippe Pointereau4, Denis Lairon5, Julia Baudry1 and  
Emmanuelle Kesse-Guyot1

1 Equipe de Recherche en Epidémiologie Nutritionnelle (EREN), Centre d’Epidémiologie et Statistiques Sorbonne Paris Cité, 
INSERM (U1153), INRA (U1125), CNAM, Université Paris 13, COMUE Sorbonne Paris Cité, Bobigny, France, 2 Agence de 
l’Environnement et de la maîtrise de l’Energie, Angers, France, 3 Département de Santé Publique, Hôpital Avicenne, Bobigny, 
France, 4 Solagro, Toulouse, France, 5 Nutrition Obésité et Risque Thrombotique (NORT), Aix Marseille Université, INRA 1260, 
INSERM UMR S 1062, Marseille, France

Background: Studies investigating diet-related environmental impacts have rarely 
considered the production method of the foods consumed. The objective of the present 
study, based on the NutriNet-Santé cohort, was to investigate the relationship between a 
provegetarian score and diet-related environmental impacts. We also evaluated potential 
effect modifications on the association between a provegetarian score and the environ-
mental impacts of organic food consumption.

Methods: Food intake and organic food consumption ratios were obtained from 34,442 
French adults using a food frequency questionnaire, which included information on 
organic food consumption for each group. To characterize the overall structure of the 
diets, a provegetarian score was used to identify preferences for plant-based products 
as opposed to animal-based products. Moreover, three environmental indicators were 
used to assess diet-related environmental impacts: greenhouse gas (GHG) emissions, 
cumulative energy demand (CED), and land occupation. Environmental impacts were 
assessed using production life cycle assessment (LCA) at the farm level. Associations 
between provegetarian score quintiles, the level of organic food consumption, and envi-
ronmental indicators were analyzed using ANCOVAs adjusted for energy, sex, and age.

results: Participants with diets rich in plant-based foods (fifth quintile) were more likely 
to be older urban dwellers, to hold a higher degree in education, and to be characterized 
by an overall healthier lifestyle and diet. A higher provegetarian score was associated 
with lower environmental impacts (GHG emissionsQ5vsQ1  =  838/1,664  kg CO2eq/year, 
−49.6%, P  <  0.0001; CEDQ5vsQ1  =  4,853/6,775 MJ/year, −26.9%, P  <  0.0001; land 

Abbreviations: GHG, greenhouse gas; CED, cumulative energy demand; LCA, life cycle analysis; Q, quintile; PUFA, polyun-
saturated acid; MUFA, monounsaturated acid; SFA, saturated fatty acid.
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inTrODUcTiOn

According to the Food and Agricultural Organization (FAO), 
adopting sustainable diets at a global level is urgently needed 
(1). Sustainable diets should include a large share of ecologically 
based, local and minimally processed products and limited con-
sumption of animal products. Sustainable diets are also healthy 
in terms of both nutrition and sanitary quality (1). Regarding 
the environmental aspects of a sustainable diet, a shift from 
current dietary patterns toward more environmentally friendly 
habits appears necessary. Environmentally friendly habits include 
reducing the consumption of animal products and increasing the 
consumption of plant products (2). Indeed, livestock is consid-
ered to be responsible for 18% of the greenhouse gas (GHG) 
emissions from anthropogenic sources at the global level, and this 
pattern is comparable at the country level in France (3). More 
specifically, beef and milk production represent 41 and 20% of 
the emissions from livestock, respectively (3). Livestock requires 
substantial energy for multiple activities such as the production 
of feed, breeding activities, production and spread of fertilizers, 
electricity use, and operating costs of farm buildings (4). Intensive 
livestock production is also responsible for a large part of the loss 
in biodiversity due to important land use for grass and feed crops 
(5). Conversely, extensive livestock farming is suggested to have 
positive effects on biodiversity. Studies investigating these issues 
have consistently reported that decreasing the consumption of 
animal products would have a considerable beneficial impact on 
the environment (6, 7).

The FAO also mentions that alternative modes of produc-
tion may be important to the promotion and development of 
sustainable diets. Organic agriculture is defined as a system that 
relies on ecosystem services rather than external agricultural 
inputs (8). It is generally considered a more environmentally 
friendly production model that enhances the quality of soil 
leading to higher plant and fauna diversity and lower nitrate 
leaching. Nevertheless, disparities in agro-ecological practices 
still remain (9–12). The sustainability of organic food systems 
and their ability to feed the global population have often been 
questioned mostly due to their usually lower crop yields (13, 
14). It is now largely recognized that organic production 
requires less energy inputs than conventional systems (15–17), 
although benefits in terms of GHG reduction are not straight-
forward (18). Moreover, firm conclusions about conventional 
and organic systems are moderated by the functional unit 
(18–20).

Despite ample literature on environmentally sustainable diets, 
few studies have considered both dietary patterns and produc-
tion modes. It is, therefore, of interest to study both parameters 
simultaneously to be able to estimate the extent to which organic 
food consumption affects diet-related environmental impacts. 
It is of considerable interest to consider both plant-based and 
organic foods, which are consumed by vegetarians in Western 
countries (21).

A review of Aleksandrowicz et  al. revealed that the change 
from a traditional western diet to alternative dietary patterns 
(e.g., Mediterranean, vegetarian, or vegan) normally provides 
benefits for both individual health and the environment (22). 
The reductions in environmental footprints should generally be 
proportional to the magnitude of the restriction of animal-based 
products (22). Despite lower environmental impacts when com-
pared to omnivorous diets (23), vegan or vegetarian diets are still 
not culturally accepted, particularly in France, where meat-based 
meals and cheese are an integral part of the traditional diet (24). 
In this context, the provegetarian score (25), which characterizes 
diets by the level of plant and animal product consumption, and 
not directly by animal product exclusion, is highly relevant in the 
French environment.

Thus, the first objective of this study is to estimate diet-
related environmental effects according to the provegetarian 
score. Second, we focused on studying the moderating effects of 
organic food consumption according to the level of plant-based 
food consumption. Data are based on a large sample from the 
NutriNet-Santé study within the framework of the BioNutriNet 
project, which enabled us to collect food consumption data and 
environmental data on both organic and conventional products.

MaTerials anD MeThODs

study Population
The subjects are adult volunteer participants from the prospec-
tive NutriNet-Santé cohort, which was launched in May 2009 in 
France. The NutriNet-Santé study has been previously described 
in detail in another study (26). At inclusion in the cohort and 
yearly thereafter, the participants completed three 24-h ran-
domly distributed accounts that were provided over a period of 
15 days. They were also asked to complete a set of questionnaires 
about their sociodemographics, anthropometrics, health status, 
and lifestyle characteristics. Participants were also regularly 
invited to complete complementary questionnaires. In 2014, 
participants were asked to provide information on their organic 

occupationQ5vsQ1 = 2,420/4,138 m2/year, −41.5%, P < 0.0001). Organic food consump-
tion was also an important modulator of the relationship between provegetarian dietary 
patterns and environmental impacts but only among participants with diets rich in plant-
based products.

conclusion: Future field studies should endeavor to integrate all the components of a 
sustainable diet, i.e., both diet composition and production methods.

Keywords: provegetarian dietary pattern, organic food consumption, eco-friendly farming, diet-related 
environmental impact, sustainability
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food consumption as well as their motives and attitudes toward 
organic foods.

Data collection
Sociodemographic and Lifestyle Characteristics
The yearly updated inclusion questionnaire provided data on 
sociodemographic characteristics including age, sex, highest 
achieved degree (lower than high school, high school, or post-
secondary graduate), location (rural community, urban unit with 
a population smaller than 20,000 inhabitants, between 20,000 
and 200,000 inhabitants, or higher than 200,000 inhabitants), 
and monthly income per household unit (lower than 900 euros, 
between 900 and 1,200 euros, between 1,200 and 1,800 euros, 
between 1,800 and 2,700 euros, and higher than 2,700 euros). The 
monthly income per household unit was obtained by dividing 
monthly income by consumption units (CU); the first adult in the 
household represents 1 CU, other persons older than 14 represent 
0.5 CU, and other persons younger than 14 years represent 0.3 
CU (27).

This set of data also provided lifestyle characteristics such as 
physical activity (measured by the IPAQ–International Physical 
Activity Questionnaire) (28–30), smoking status (never, former, 
and current smoker), and alcohol intake (never, moderate, or 
frequent drinker). Moderate alcohol consumption was defined 
as an intake lower than 20 g/day for women and lower than 30 g/
day for men (31).

Dietary Data and Organic Food Consumption
Between June and December 2014, participants were asked to 
complete an optional organic food semi-quantitative frequency 
questionnaire (Org-FFQ) based on the original validated 
Nutrinet FFQ (32). The Org-FFQ collected information on con-
sumption frequencies (yearly, monthly, weekly, and daily units) 
and portion sizes for 264 food and beverage items over a year. The 
total food intake was estimated by multiplying the consumption 
frequency and portion size for each item. To estimate the share 
of organic food consumption in the diet, for each item in the 
Org-FFQ, participants indicated how often they consumed that 
item in an organic form. Organic food frequency was assessed 
using a 5-point ordinal scale, “never,” “rarely,” “half of the time,” 
“often,” and “always,” which were weighted as 0, 0.25, 0.5, 0.75, 
and 1, respectively, and yielded an estimate of the proportion of 
organic food consumed in an individual diet. The contribution of 
organic food consumption to the diet was calculated by dividing 
the total organic food intake (g/day) by the total food intake (g/
day) excluding water. This ratio was multiplied by 100 to obtain 
the contribution of organic food as a percentage of weight.

The development of the Org-FFQ and sensitivity analyses 
for the allocation of arbitrary weightings has been described in 
another study (21).

The NutriNet-Santé food composition database (33) was 
used to estimate daily nutrient intake independently of the 
production method. To assess the nutritional quality of dietary 
patterns, two indicators were assessed at the individual level: the 
PANDiet (based on the probability of adequate nutrient intake 
for 24 nutrients) (34) and the mPNNS-GS (modified French 
national nutrition and health programme (Programme National 

Nutrition Santé), with the PNNS-guidelines score based on the 
adherence to the PNNS recommendations excluding physical 
activity) (35).

Environmental Data
The methodology for the environmental evaluation of indi-
vidual diets is described in detail in the Presentation S1 in 
Supplementary Material. Data were collected via the French 
diagnostic tool DIALECTE (36) using the life cycle assessment 
method (LCA) (37, 38) at the farm level (from agricultural inputs 
and animal feed production to harvest). To date, DIALECTE is 
the only French database that covers such a large panel of data for 
both organic and conventional agricultural products. This study 
considers the three environmental indicators available: (1) GHG 
emissions were estimated including carbon dioxide, methane 
and nitrous oxide emissions and were expressed in kilogram CO2 
equivalent per day. (2) The cumulative energy demand (CED) 
indicator was defined as the consumption of renewable and 
unrenewable energy in megajoules per day according to the CED 
method (39). (3) Finally, land occupation was defined as the area 
in square meters needed per day. The environmental database 
includes information on 62 raw agricultural products based on 
measurements from 2,086 farms in France and on 30 raw agricul-
tural products based on information from the literature. Among 
these farms, 46% follow certified organic agricultural practices 
(as defined by European regulations).

For each participant, organic and conventional food consump-
tion was multiplied by the environmental impact of each product 
to estimate the impact of the overall diet for each participant.

construction of the Provegetarian score
The provegetarian score was developed to reflect the proportion 
of plant-based food consumed in a diet (25). Components of the 
provegetarian score include seven vegetable food groups and five 
animal food groups (25) (Table S1 in Supplementary Material). 
Sex-specific adjustment for total energy intake was made for 
the consumption of each food group using the residual method 
(40). Energy-adjusted, sex-specific quintile values for each plant 
component were calculated by allocating 1 to 5 points. For animal 
food groups, the quintile values were reversed (from 5 for the first 
quintile to 1 for the fifth quintile). Finally, the provegetarian score 
was obtained by summing the quintile value of each vegetable 
food group and the reverse quintile value of each animal food 
group. The score ranges from 12 (low consumption of plant food) 
to 60 (high consumption of plant food).

Data Treatment and statistical analysis
Among the 37,685 participants who completed the Org-FFQ, 
participants with missing sociodemographic data or aberrant 
data were excluded (N = 1,390). To detect under reporting and 
over reporting, energy requirements were calculated for each 
individual using physical activity level (IPAQ) and basal metabolic 
rate, estimated by Schofield’s equation (41) and taking into account 
age, sex, and BMI. The ratio of energy intake to energy require-
ment was calculated, and participants with a ratio below 0.35 or 
above 1.93 were excluded (N = 1,099). Finally, only participants 
living in mainland France and having complete data to calculate 
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the nutritional quality scores were included. The final sample 
included 34,442 participants, with 22,813 women and 7,569 men.

Sociodemographic and lifestyle characteristics along with 
food and nutrient intakes were presented across the provegetar-
ian score quintiles. For descriptive purposes, nutrient and food 
data were adjusted for total energy intake by sex using the residual 
method (40). Means, SDs and percentages were provided as 
appropriate. P values referred to the Mantel–Haenzel chi-square 
trend test for categorical variables and to the linear contrast test 
(ANCOVA) for continuous variables.

The contributions (as percentages) of different food groups to 
diet-related GHG emissions and CED across provegetarian score 
quintiles are presented. All P-trends were obtained with linear 
contrast tests (ANCOVA).

As an interaction between the provegetarian score and 
organic food consumption was observed (P ≤ 0.0001), data were 
stratified by the level of organic food consumption. Associations 
between the provegetarian score and environmental impacts for 
the overall sample and the stratified tertiles of the contribution 
of organic consumption to the whole diet were estimated using 
ANCOVA adjusted with Dunett’s test. All models were adjusted 
for sex, age, and energy intake. In addition, the ratio of organic 
food consumption as a continuous variable was included in the 
stratified analyses to account for residual confounding. The ordi-
nal margins option was used. In all the analyses, the environmen-
tal indicators were log-transformed to improve the normality of 
the distributions. The data are presented as adjusted means with 
their 95% confidence intervals. Unadjusted models are provided 
in the Table S2 in Supplementary Material. Two-sided tests and a 
P-value <0.05 were used for statistical significance.

All analyses were performed using SAS software (SAS Institute 
Inc., Cary, NC, USA).

resUlTs

individual characteristics
Table 1 presents sociodemographic and lifestyle characteristics 
of the participants across provegetarian score quintiles. No dif-
ference in the sex distribution of participants across the quintiles 
was observed. Participants with higher provegetarian scores were 
more likely to be highly educated, physically active, non-smokers, 
and moderate or non-drinkers. The Q5 of the provegetarian score 
(reflecting high consumption of plant food) included the highest 
proportion of participants with the lowest monthly income per 
household unit (<900 euros), while Q4 included the highest 
proportion of participants with the highest monthly income 
(>2,700 euros). The highest proportion of participants living in 
population-dense urban units was found in the Q4. Finally, the 
largest share of vegetarians was included in the Q5 of the proveg-
etarian diet (8.3% in Q5 versus 0.2% in Q1).

Food and nutrients intake by 
Provegetarian score Quintile
Tables 2 and 3 present food groups and nutrient intake across 
provegetarian score quintiles. By construction, the consumption 
of animal-based products decreased while the consumption of 

plant-based products increased across quintiles. Participants in 
the highest quintile also consumed less fast food products (ham-
burgers, pizzas, and sandwiches), sweets, and alcohol and had a 
higher intake of salad dressings, popcorn, or nuts. Overall, con-
sidering nutrient intake, a higher provegetarian score was associ-
ated with a lower overall protein intake but a higher proportion 
of plant protein (50.5% in Q5 versus 22.2% in Q1) and a higher 
polyunsaturated fatty acid (PUFA) and monounsaturated fatty 
acid (MUFA) intake as well as a lower saturated fatty acid intake 
and higher n-6/n-3 PUFA ratio. The intake of carbohydrates and 
fiber increased across provegetarian score quintiles. Participants 
in the Q5 of the provegetarian score also displayed the highest 
level of organic food consumption, as organic food represented a 
50% share of their total food consumption.

Considering vitamins and minerals, iron intake increased 
across the quintiles of the provegetarian score while haem iron 
decreased. As expected, participants in the Q5 of the provegetar-
ian score also exhibited a higher intake of most micronutrients 
(β-carotene, B1, B6, B9, C, E, K vitamins, and minerals Mg, K, and 
Mn). According to both the mPNNS-GS and PANDiet scores, 
participants in the last quintile showed the highest adherence to 
the French dietary guidelines.

environmental impacts by Provegetarian 
score Quintile
After the adjustment for energy intake, age, and sex, diet-related 
GHG emissions, CED, and land occupation decreased across 
the provegetarian score quintiles by −49.6, −26.9, and −41.5%, 
respectively, between Q5 and Q1 (Table 4). For all indicators, a 
linear association was observed (P < 0.0001). This reflects that 
the richer a diet is in plant products, the lower the environmental 
impacts are. For informational purposes, crude means and SDs of 
environmental indicators across the quintiles of the provegetar-
ian score are presented in Figure S1 in Supplementary Material.

contribution of Food groups to Diet-
related ghg emissions, ceD, and land 
Occupation by Provegetarian score 
Quintile
Figure 1 indicates that the main contributor to diet-related GHG 
emissions across the different provegetarian score categories was 
animal-based products, particularly ruminant meat consump-
tion. Animal products were responsible for approximately 
80% of the dietary GHG emissions for diets rich in animal 
products (Q1 of the provegetarian score), between 70 and 80% 
for diets moderate in animal products and approximately 60% 
for diets rich in plant products (Q5 of the provegetarian score). 
Specifically, ruminant meat represented approximately half of 
the diet-related GHG emissions, regardless of the type of diet 
considered.

Concerning the CED (Figure 2), consumption of fruits, and 
vegetables was the major contributor (except for Q1 and Q2). 
Estimates of the contribution of monogastric meat and ruminant 
meat to diet-related CED were similar.

Finally, Figure 3 presents land occupation by food group and 
by quintile. The results were closer than those for GHG emissions, 
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TaBle 1 | Sociodemographic and lifestyle characteristics by provegetarian score quintile, N = 34,442, BioNutriNet study, 2014.a

Q1 Q2 Q3 Q4 Q5 P-trendb

N (%) (17.8) (23.6) (20.2) (16.8) (21.6)

Provegetarian score
Mean 27.4 (2.5) 32.6 (1.1) 36.0 (0.8) 38.9 (0.8) 44.5 (3.5) <0.0001
Median (IQR) 28 (3) 33 (2) 36 (2) 39 (2) 44 (2)
sex (%)
Female 75.8 75.5 75.2 75.3 76.0 0.81
Male 24.2 24.5 24.8 24.7 24.0
age (years) 52.0 (14.0) 53.0 (14.1) 53.5 (14.0) 54.5 (13.6) 53.4 (14.1) <0.0001

education level (%)
<High-school diploma 21.6 21.5 21.5 21.0 19.1 <0.0001
High-school diploma 15.9 15.4 14.3 13.8 14.1
Post-secondary graduate 62.5 63.1 64.1 65.2 66.8

Monthly income per household unit (%)
Refuse to declare 5.8 6.2 6.3 5.7 7.1 0.01
<900 euros 7.4 6.6 6.0 6.3 8.7
900–1,200 euros 5.2 4.4 4.6 4.4 4.7
1,200–1,800 euros 24.2 23.1 23.6 22.1 22.4
1,800–2,700 euros 27.3 27.7 26.7 27.7 26.9
>2,700 euros 30.1 31.9 32.9 33.7 30.3
location (%)
Rural community 22.9 23.2 22.3 20.7 22.3 0.11
Urban unit with a population of <20,000 inhabitants 16.1 15.4 15.7 15.0 15.2
Urban unit with a population of 20,000–200,000 inhabitants 17.8 18.5 18.4 18.8 19.0
Urban unit with a population of >200,000 inhabitants 43.2 42.9 43.6 45.6 43.5

Physical activity (%)
Missing value 11.6 11.5 10.9 10.3 9.9 <0.0001
Low 22.9 21.7 19.5 17.4 15.2
Medium 35.3 36.3 37.2 37.2 37.2
High 30.2 30.5 32.4 35.1 37.6

smoking status (%)
Non-smoker 48.6 48.5 48.4 48.6 49.3 0.04
Former smoker 13.3 11.6 11.2 9.7 9.0
Smoker 38.0 39.8 40.5 41.7 41.7
alcohol intake (%)
Non-drinker 4.9 4.8 5.2 4.6 7.9 <0.0001
Moderate drinker (<20 g/day for women and <30 g/day for men) 83.5 86.0 86.1 88.0 85.8
High drinker (>20 g/day for women and >30 g/day for men) 11.6 9.2 8.7 7.4 6.4
Diet (%)
Vegetarians 0.18 0.39 0.83 1.46 8.27 <0.0001
Vegans 0.00 0.01 0.04 0.12 5.28

IQR, interquartile range; Q, quintile of provegetarian score.
aValues are presented as the mean (SD) or as a percentage.
bValues based on linear contrast test or γ2.
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showing a high contribution of animal products specifically 
ruminant meat to land occupation.

Moreover, the contribution of carbohydrates and oil to GHG 
emissions and CED increased across the provegetarian score 
quintiles. Of note, the contribution from cheese consumption was 
more important than from the contribution from dairy products 
and milk across quintiles.

Diet-related environmental impacts 
considering both the Provegetarian score 
and the level of Organic Food 
consumption
Table 4 presents the association between the provegetarian score 
and the environmental impacts stratified by the level of organic 

food consumption. Similar linear trends were observed between 
the provegetarian score and environmental impacts across 
the different levels of organic food consumption. Considering 
diet-related environmental impacts in diets that contained low 
or moderate (Q1, Q2, and Q3) amounts of plant products (i.e., 
≥70% animal protein for protein intake and ≥45% animal lipid 
for lipid intake), the level of organic food consumption did not 
significantly modify the association between the provegetarian 
score and the environmental impacts (GHG: PQ2vsQ1 = 0.97 and 
PQ3vsQ1 = 0.28; CED: PQ2vsQ1 = 0.94 and PQ3vsQ1 = 0.10; land occupa-
tion PQ2vsQ1 = 0.78 and PQ3vsQ1 = 0.97). However, for diets rich in 
plant foods (Q4 and Q5), the differences in the environmental 
impacts across the provegetarian score quintiles increased across 
the organic food ratio tertiles (P < 0.0001 except for land occupa-
tion PQ4vsQ1 = 0.01).
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TaBle 2 | Food and nutrient intake by provegetarian score quintile, N = 34,442, BioNutriNet study, 2014.a

Q1 Q2 Q3 Q4 Q5 P-trendb

nutrients intake

Energy intake without alcohol (kcal/day) 2,218.8 (638.5) 1,969.9 (597.1) 1,885.6 (614.0) 1,868.2 (599.6) 1,982.9 (613.6) <0.0001
Proteins (%)c 20.7 (3.6) 19.5 (3.3) 18.5 (3.2) 17.5 (2.9) 15.6 (2.9) <0.0001
Plant proteins (% protein)c 22.2 (6.3) 27.0 (7.3) 31.3 (8.3) 36.1 (9.3) 50.5 (17.9) <0.0001
Animal proteins (% protein)c 77.8 (6.3) 73.0 (7.3) 68.8 (8.3) 63.9 (9.3) 49.5 (17.9) <0.0001
Lipids (%)c 41.2 (6.4) 40.2 (6.7) 39.8 (7.1) 39.9 (7.2) 40.2 (7.5) <0.0001
Plant lipid (% of lipid)c 34.4 (10.4) 40.7 (10.8) 46.1 (11.5) 51.2 (12.0) 63.3 (15.0) <0.0001
Animal lipid (% of lipid)c 65.6 (10.4) 59.3 (10.8) 53.9 (11.5) 48.8 (12.0) 36.7 (15.0) <0.0001
PUFA (%)c 5.6 (1.7) 6.1 (2.0) 6.4 (2.3) 6.9 (2.4) 8.3 (3.0) <0.0001
MUFA (%)c 15.4 (3.2) 15.5 (3.6) 15.8 (4.0) 16.2 (4.2) 17.1 (4.6) <0.0001
SFA (%)c 17.0 (3.5) 15.6 (3.1) 14.6 (3.1) 13.8 (3.0) 12.0 (3.1) <0.0001
Omega 3 (%)c 2.0 (0.9) 2.2 (1.0) 2.3 (1.1) 2.5 (1.2) 3.0 (1.6) <0.0001
Omega 6 (%)c 10.9 (3.0) 12.1 (3.5) 13.0 (3.9) 14.0 (4.0) 16.8 (5.1) <0.0001
Ratio n-6/n-3 6.3 (2.7) 6.5 (3.0) 6.6 (3.1) 6.5 (3.1) 6.7 (3.3) <0.0001
Carbohydrates (%)c 35.3 (7.1) 37.5 (7.2) 39.0 (7.2) 40.0 (7.3) 41.9 (7.6) <0.0001
Fibers (%)c 1.7 (0.5) 2.0 (0.6) 2.2 (0.6) 2.5 (0.7) 3.0 (0.8) <0.0001
Alcohol (g/day) 9.9 (14.8) 8.9 (12.6) 8.5 (13.2) 7.95 (10.7) 7.17 (10.3) <0.0001
Food consumption (g or ml/day)d

Vegetables and fruits 424.4 (301.7) 564.3 (314.9) 660.6 (346.0) 734.8 (354.1) 881.7 (420.0) <0.0001
Meat 165.3 (85.4) 139.4 (65.8) 123.3 (60.2) 109.2 (54.2) 71.9 (54.8) <0.0001
Ruminant (%) 36.0 (15.7) 35.4 (16.0) 35.3 (15.9) 34.2 (16.4) 32.1 (18.1) <0.0001
Pork (%) 42.1 (15.9) 41.8 (16.2) 41.1 (16.6) 41.4 (17.4) 40.8 (19.9) <0.0001
Poultry (%) 20.7 (13.9) 21.4 (14.5) 22.1 (15.5) 22.9 (16.1) 25.5 (19.3) <0.0001
Rabbit (%) 1.2 (2.4) 1.4 (2.7) 1.5 (2.7) 1.5 (2.6) 1.6 (3.7) <0.0001
Eggs 13.5 (15.2) 11.2 (11.7) 10.1 (10.8) 9.4 (9.8) 8.4 (11.0) <0.0001
Fish 53.6 (56.3) 49.3 (39.1) 47.1 (39.8) 45.4 (34.3) 37.4 (38.0) <0.0001
Dairy products 320.6 (248.1) 265.7 (209.3) 227.6 (184.4) 185.5 (161.0) 112.1 (145.0) <0.0001
Starchy food 159.9 (82.4) 179.1 (86.7) 189.8 (89.1) 194.6 (91.4) 213.1 (110.6) <0.0001
Whole cereal products 33.3 (54.2) 47.0 (62.0) 54.0 (62.4) 63.7 (68.0) 84.1 (81.7) <0.0001
Soy products 1.1 (54.2) 8.5 (61.7) 16.2 (76.8) 27.2 (97.7) 70.6 (140.7) <0.0001
Fast food 38.7 (48.1) 36.1 (31.6) 33.9 (33.1) 32.7 (29.0) 27.3 (24.2) <0.0001
Nuts 2.00 (8.63) 4.03 (8.93) 5.39 (10.79) 7.14 (13.19) 11.36 (15.25) <0.0001
Extra food (excluding nuts) 9.55 (9.26) 9.84 (9.80) 9.93 (9.51) 9.59 (9.99) 8.50 (9.07) <0.0001
Sweet products 80.6 (60.6) 77.3 (52.6) 74.0 (46.3) 69.7 (41.2) 61.9 (39.1) <0.0001
Oil 8.9 (12.2) 13.0 (12.5) 15.8 (13.3) 18.3 (14.1) 22.7 (15.5) <0.0001
Butter 8.6 (7.9) 7.4 (6.7) 6.7 (6.2) 6.2 (6.1) 4.5 (5.6) <0.0001
Other fats 2.4 (4.6) 2.3 (4.7) 2.4 (4.8) 2.1 (3.9) 2.1 (4.6) 0.1
Non-alcoholic drink 1571 (769) 1600 (763) 1590 (739) 1607 (731) 1591 (755) 0.1
Alcoholic drink 180.7 (162.6) 177.7 (142.6) 174.0 (144.4) 170.5 (118.5) 158.1 (114.8) <0.0001
level of organic food consumption (in % of weight) 18.2 (19.8) 22.5 (22.2) 26.3 (24.2) 32.1 (26.4) 48.2 (30.7) <0.0001
Median of organic food consumption 12 17 21 26 48
IQR 26 32 36 41 53
mPnns score (/13.5) 7.6 (1.87) 8.3 (1.73) 8.6 (1.67) 8.8 (1.66) 8.8 (1.68) <0.0001

PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid; SFA, saturated fatty acid; IQR, interquartile range; Q, quintile of provegetarian score.
aValues are presented as the mean (SD).
bValues based on a linear contrast test.
cAs percent of energy intake.
dValues adjusted on the energy intake.
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DiscUssiOn

In our study, participants with a high provegetarian score were 
characterized by an overall healthier lifestyle, including healthier 
diets, as reflected by higher PANDiet and mPNNS-GS scores. 
Diets rich in plant products displayed lower environmental 
impacts (GHG emissions, CED and land occupation). Moreover, 
the consumption level of organic products was shown to have a 
positive moderating effect on diet-related environmental impacts 
only in diets rich in plant-based food.

Overall, a higher provegetarian score was associated with lower 
environmental impacts, particularly GHG emissions, across all 
levels of organic food consumption. These results at the individual 

diet level were expected since livestock is the most substantial 
agricultural contributor to GHG emissions, demands high energy 
inputs, and requires important land resources (42–44).

Similar results for GHG emissions were documented in the 
EPIC-Oxford observational study. However, the estimations were 
not adjusted for energy intake, and the LCA did not consider the 
production mode even though it included all stages of produc-
tion, transformation, and distribution. The authors showed that 
a diet rich in animal products emitted 2.5 times as much GHG 
than a vegan diet. For women and men, GHG emissions from 
the diets of meat-eaters were 46 and 51% higher, respectively, 
than those of fish-eaters (or pesco-vegetarians), and 50 and 54% 
higher, respectively, than those of vegetarians (45). Other studies 

2828

http://www.frontiersin.org/Nutrition
http://www.frontiersin.org
http://www.frontiersin.org/Nutrition/archive


TaBle 3 | Consumption of micronutrients by provegetarian score quintile, N = 34,442, BioNutriNet study, 2014.a

Q1 Q2 Q3 Q4 Q5 P-trendb

Vitaminsc

Retinol (μg/day) 769.42 (1,530.30) 667.23 (1,052.50) 590.84 (420.54) 558.82 (362.70) 432.86 (353.49) <0.0001
β-carotene (μg/day) 2,685.90 (2,025.9) 3,579.01 (3,040.9) 4,175.05 (2,459.7) 4,677.09 (2,956.2) 5,872.50 (3,443.6) <0.0001
Vitamin B1 (mg/day) 1.33 (0.40) 1.35 (0.40) 1.35 (0.38) 1.37 (0.38) 1.48 (0.52) <0.0001
Vitamin B2 (mg/day) 2.47 (0.70) 2.31 (0.61) 2.20 (0.55) 2.13 (0.52) 1.99 (0.51) <0.0001
Vitamin B3 (mg/day) 26.61 (8.44) 26.21 (7.29) 25.70 (6.68) 25.64 (6.41) 24.23 (6.30) <0.0001
Vitamin B5 (mg/day) 6.76 (1.65) 6.54 (1.44) 6.39 (1.33) 6.26 (1.23) 6.06 (1.19) <0.0001
Vitamin B6 (mg/day) 1.91 (0.50) 1.96 (0.47) 1.99 (0.46) 2.04 (0.46) 2.17 (0.56) <0.0001
Vitamin B9 (μg/day) 317.56 (122.44) 359.11 (123.69) 385.77 (116.52) 410.20 (123.12) 482.06 (157.47) <0.0001
Vitamin B12 (μg/day) 8.69 (9.07) 7.67 (6.41) 6.96 (3.14) 6.57 (2.77) 5.23 (2.93) <0.0001
Vitamin C (mg/day) 104.49 (70.41) 126.24 (70.54) 141.66 (81.21) 151.66 (78.85) 174.60 (90.83) <0.0001
Vitamin D (μg/day) 3.55 (2.22) 3.24 (1.63) 3.08 (1.70) 2.97 (1.47) 2.54 (1.63) <0.0001
Vitamin E (mg/day) 9.66 (4.36) 11.59 (4.37) 12.74 (4.63) 13.76 (4.63) 16.44 (5.67) <0.0001
Vitamin K (μg/day) 142.59 (122.15) 187.11 (143.88) 217.57 (140.31) 244.35 (205.46) 310.09 (201.96) <0.0001
Mineralsc

Ca (mg/day) 1,172 (391) 1,094 (329) 1,044 (304) 998 (282) 915 (261) <0.0001
Fe (mg/day) 14.23 (3.78) 14.92 (3.44) 15.25 (3.25) 15.83 (3.40) 17.36 (4.00) <0.0001
Haem Fe (mg/day) 1.97 (1.62) 1.68 (0.85) 1.50 (0.75) 1.36 (0.67) 0.94 (0.65) <0.0001
I (μg/day) 160.20 (280.37) 177.08 (211.47) 193.07 (275.48) 203.11 (309.02) 329.66 (710.17) <0.0001
Mg (mg/day) 444.43 (138.26) 470.93 (134.19) 482.83 (130.29) 502.58 (132.78) 540.85 (140.23) <0.0001
P (mg/day) 1,550.19 (315.86) 1,471.20 (270.59) 1,420.12 (255.63) 1,379.49 (238.06) 1,322.24 (234.55) <0.0001
K (mg/day) 3,508.30 (840.07) 3,645.63 (825.93) 3,726.91 (831.23) 3,802.52 (835.48) 3,961.31 (904.80) <0.0001
Na (mg/day) 2,739.20 (592.86) 2,641.56 (492.86) 2,570.26 (491.03) 2,515.43 (475.96) 2,290.61 (550.78) <0.0001
Cu (mg/day) 1.74 (1.48) 1.90 (1.09) 1.98 (0.58) 2.10 (0.54) 2.38 (0.62) <0.0001
Zn (mg/day) 13.98 (3.13) 13.30 (2.60) 12.81 (2.31) 12.52 (2.19) 11.85 (2.23) <0.0001
Mn (mg/day) 3.65 (1.93) 4.40 (1.95) 4.84 (1.91) 5.32 (2.01) 6.53 (2.47) <0.0001
Se (μg/day) 83.19 (26.28) 80.68 (20.30) 78.94 (20.02) 78.04 (18.69) 75.43 (19.51) <0.0001
PanDiet score (/100) 62.43 (5.13) 64.90 (5.99) 66.37 (6.72) 67.99 (7.07) 71.12 (7.13) <0.0001

aValues are presented as the mean (SD).
bValues based on a linear contrast test.
cEnergy-adjusted mean (SD).

Lacour et al. Environmental Impact of Diet

Frontiers in Nutrition | www.frontiersin.org February 2018 | Volume 5 | Article 8

documented similar trends in regards to environmental impacts 
of modeled substitutions for meat (46–48). For instance, the mod-
eled substitution in the EPIC-Netherlands cohort demonstrated 
that substituting meat with 35 g/d of different combinations of 
plant products including potatoes, pasta, vegetables, nuts, and 
milky desserts could reduce GHG emissions up to 12% (49). In a 
recent review, authors concluded that the isocaloric substitution 
of meat by starchy food, fruits, nuts, and vegetables was more 
sustainable in terms of GHG emissions. However, in that same 
review, production modes (more or less agro-ecological modes) 
were not distinguished (43).

Livestock results in GHG emissions such as nitrous oxide, 
carbon dioxide, and methane due to high-energy feed production, 
concentrating production and enteric fermentation of ruminants 
(3). However, impacts related to ruminant meat are higher when 
compared to monogastric animals because of methane emissions 
and the need for substantial livestock feed production needed (43, 
50, 51). As consumers in the Q5 of the provegetarian score ate less 
meat, especially ruminant meat, compared to participants in the 
other quintiles, the difference in GHG emissions is further increased. 
A previous study showed that a diet in which ruminant meat is 
replaced by monogastric meat (pork or poultry) reduced GHG 
emissions from 20 to 35% and land-use impacts from 30 to 50% (50).

In another study, the CED was computed at the farm level 
using the LCA method, and it was shown that a 60% decrease 
in daily meat consumption that is replaced by planted-based 

products led to an up to 38% decrease in CED, according to 
various scenarios of self-sufficiency in Austria (48). The review 
by Perignon et al., which covers 10 cohort studies on the environ-
mental impact of observed individual diets, demonstrates that 
low-meat diets are more environmentally friendly (43).

Livestock farming requires a substantial input of fossil energy 
due to farm facilities and production of feed (3). Moreover, plant 
products have higher energy efficiency when considering the ratio 
of outputs/inputs for each calorie (52). Regarding the CED by 
food group and by quintile, there is no clear difference in the CED 
contribution between ruminant meat and monogastric meat. 
Considering the level of consumption, food group contribution 
to CED is probably driven more by the difference in intake than 
energy use for the different types of meat since the differences 
they are less noticeable than for GHG emissions (53).

Finally, similar results on land use were found when the aver-
age Danish diet was replaced by the new Nordic diet containing 
35% less meat with a 24% decrease in diet-related land use. In 
the model performed for the EPIC-Netherlands cohort, the 
substitution of meat with 35 g/d of plant products led to an up to 
12% decrease in land use (49). Moreover, the review of Hallström 
et  al., which included 14 original studies (mainly based on 
modeling methods), showed that vegan diets reduced land use 
up to 60 and 50% for men and women, respectively (50). In fact, 
livestock farming is the largest user of land due to the total area 
need for grazing and feed crop production (5).
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TaBle 4 | Association between provegetarian score tertile and environmental impacts according to the level of organic food consumption, BioNutriNet study, 2014.

Overall level of contribution of organic food to the diet

low (0.03) Medium (0.23) high (0.63)

Meana 95% cl Meana 95% cl Meana 95% cl Meana 95% cl

greenhouse gas emissions (cO2eq/day)

Q1 provegetarian score
Q2 provegetarian score
Q3 provegetarian score
Q4 provegetarian score
Q5 provegetarian score
Pb interaction <0.0001
Pc Q1 vs Q2 0.9711
Pc Q1 vs Q3 0.2764
Pc Q1 vs Q4 <0.0001
Pc Q1 vs Q5 <0.0001

cumulative energy demand (MJ/day)
Q1 provegetarian score
Q2 provegetarian score
Q3 provegetarian score
Q4 provegetarian score
Q5 provegetarian score
Pb interaction < 0.0001
Pc Q1 vs Q2 0.9417
Pc Q1 vs Q3 0.1044
Pc Q1 vs Q4 <0.0001
Pc Q1 vs Q5 <0.0001

land occupation (m2/day)
Q1 provegetarian score
Q2 provegetarian score
Q3 provegetarian score
Q4 provegetarian score
Q5 provegetarian score
Pb interaction <0.0001
Pc Q1 vs Q2 0.7782
Pc Q1 vs Q3 0.9696
Pc Q1 vs Q4 0.0111
Pc Q1 vs Q5 <0.0001

Models are adjusted on sex, age, and energy intake.
aAdjusted means were obtained with ANOVA models by the level of organic food contribution in the diet. P-trends across the provegetarian score quintile are all <0.0001 and were 
obtained with a linear contrast test by the level of organic food contribution in the diet.
bP for interaction between provegetarian score quintiles and the level contribution of organic food to the diet.
cP-linear trend of Q*v.Q1 of provegetarian score. It reflects the linearity of the difference between the first and the other quintiles of the provegetarian score across the levels of 
organic consumption.
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It is worth noting that beyond the benefits to the environment, 
diets rich in plant products also provide important nutritional 
and health benefits (54, 55).

We showed that introducing organic food to one’s diet had a 
significant positive environmental effect on GHG emissions in 
only diets rich in plant products. However, when considering a 
diet with a moderate amount of plant products, this effect was 
not substantial.

The weak moderating effect of the organic consumption in a 
diet with a moderate amount of plant products can be explained 
by several hypotheses. First, no difference in GHG emissions was 
reported for both conventional and organic beef and milk produc-
tion systems (20). In addition, GHG emissions from chicken and 
pork organic farming practices are higher because feed produc-
tion is more substantial due to a longer cycle of production and a 
lower growth rate (in relation to a lower feed-efficiency conver-
sion) (20). Moreover, GHG emissions from organic pork farming 

practices can be higher because of the high level of nitrous oxide 
emissions from straw litter (19). However, the differences between 
chicken and pork production systems have not yet been consist-
ently measured, and further research is needed to improve the 
reliability of calculating GHG emissions for different farming 
practices. Second, organic farming results in lower GHG emissions 
when emissions are expressed by units of area, and no clear trends 
emerge when they are expressed by units of product weight (18). 
Finally, organic practices have obvious beneficial effects on GHG 
emissions in terms of plant production because of the exclusion 
of synthetic fertilizers that result in high N2O and CO2 emissions 
(19, 56). Finally, the proportion of organic food consumption in 
the diet may be too low in the first provegetarian score quintiles 
to detect differences in GHG emissions. Considering the CED 
indicator, the ratio of organic food in the diet positively affects 
diet-related environmental impacts with increasing effects across 
provegetarian score quintiles. Organic practices prohibit the use 
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FigUre 1 | Greenhouse gas (GHG) emissions by food group and by quintile of provegetarian score. Other food group includes whole products, soy products, 
eggs, butter, other fats, and alcohol. Food group impacts are all significant (P-trend < 0.05).
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of synthetic fertilizers which induce high costs in energy for their 
production and require the use of less mineral fertilizers and feed 
concentrates (56). However, some studies have determined that 
CED can be up to 40% higher in organic farming than in conven-
tional systems (19). Another explanation relies on the fact that 
among the high consumers of organic foods, plant-based food 
consumption was higher overall. However, the correlation coef-
ficient between the provegetarian score and the level of organic 
food consumption was estimated to be 0.4.

Regarding land occupation, the level of organic food consump-
tion had a positive impact on diets rich in plant products and had 
no impact on diets with moderate level of plant product intake. 
These findings are noteworthy since organic systems require 
relatively more land (20, 56, 57) than conventional production 
systems. These lower crop yields are due to lower total nitrogen 
inputs per hectare (20). Our results may be explained by the fact 
that in the Q5 of the provegetarian score, consumers that eat a 
substantial amount of organic food exhibited higher plant-based 
consumption than their conventional counterparts and thus 
may have exhibited a lower consumption of meat. Moreover, 
according to Pimentel and Pimentel, grains and some legumes, 
which were highly consumed by participants in the Q5 of the 
provegetarian score, are produced more efficiently than fruits and 
vegetables (42). This may have led to a reduction in the negative 
impact of organic production on plant production yields. The 
absence of a differential effect of organic food consumption on 
land use for a diet with a moderate amount of plant products 
may be related to the fact that the ratio of organic foods in the 

diet is too low to detect any association, which is the same for 
GHG emissions. These findings regarding land occupation need 
further investigation since future improvements of management 
techniques and crop varieties may reduce the difference in crop 
yields between organic and conventional systems (9). Although 
this was not evaluated in our study, organic systems generally offer 
environmental services, do not use pesticides, increase resilience 
of agriculture and can mitigate the future effects of climate change 
on yields (58).

The limitations of this study should be noted. An extrapo-
lation of these results to the general population should be 
done with caution as the participants who completed the 
BioNutriNet questionnaires were probably more concerned 
with nutrition and health-related issues. It should be noted that 
the percentage of participants with a very high consumption of 
organic foods, as observed in our study, is likely to be minimal 
in France. The use of a food frequency questionnaire may be 
prone to incorrectly estimating habitual diets, which is similar 
to other self-reported food consumption tools (59). Moreover, 
the effects of the systems of production on the environment 
should be considered with caution. Indeed, among similar 
systems of production, effects can be largely different due to 
climate conditions, soil types and farm management (18, 56). 
Other indicators such as pesticide use, leaching, and soil qual-
ity would have been relevant to addressing the environmental 
impacts of production systems (60, 61). In addition, our data 
included neither the origin nor the seasonality of food products, 
which may impact environmental assessments. Furthermore, 
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FigUre 3 | Land occupation by food group and by quintile of provegetarian score. Other food group includes whole products, soy products, eggs, butter, other 
fats, and alcohol. Food group impacts are all significant (P-trend < 0.05).

FigUre 2 | Cumulative energy demand by food group and by quintile of provegetarian score. Other food group includes whole products, soy products, eggs, 
butter, other fats, and alcohol. Food group impacts are all significant (P-trend < 0.05).

Lacour et al. Environmental Impact of Diet

Frontiers in Nutrition | www.frontiersin.org February 2018 | Volume 5 | Article 8

environmental impacts were assessed at the farm level and did 
not consider all of the production, transformation and distribu-
tion stages.

However, our study also presents notable strengths. First, to 
the best of our knowledge, this is the first study to distinguish 
production modes in the assessment of food consumption 
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and several subsequent environmental impacts. This is also 
the first study to investigate moderating effects of organic 
food consumption on the environmental impact of observed 
diets. Modeling studies do not necessarily consider isocaloric 
or representative substitutions. For example, replacing meat 
with fruit and legumes may not appear entirely realistic. Meat 
would probably be replaced by energy-dense products such 
as cereals, potatoes, and legumes. Moreover, these modeling 
studies rely on small cohorts. Therefore, it was crucial to focus 
on actual diets assessed in a large cohort to confirm or refute 
the results from modeling studies. Concerning the strengths of 
this study, our study is based on a large sample, which allows a 
wide diversity of dietary behaviors to be considered and in par-
ticular eco-friendly behaviors, using accurate environmental 
and consumption data. The provegetarian score also presents 
several advantages when compared to other dietary indexes 
commonly used in the literature such as the Mediterranean diet 
score (62). Indeed, while the Mediterranean diet recommends 
limiting milk and red meat, it also recommends consuming 
fish even though a major part of the fishing industry is not 
sustainable (63) and degrades maritime ecosystem functions 
by altering the food chain and fish habitats (64). Finally, the 
provegetarian score reflects different emerging dietary patterns 
(e.g., flexitarian diets) that tend to reduce consumption of 
animal products.

In conclusion, diet-related GHG emissions, CED, and land 
occupation indicators are negatively associated with a plant-
based diet, regardless of the level of organic food consumption. 
Furthermore, the consumption of organic food showed additional 
beneficial impacts only in diets rich in plant products. This study 
demonstrates that the environmental impacts of diets should not 
only be evaluated in terms of dietary patterns but also should 
integrate production systems.
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Nutrition is an important component of public health and health care, including in edu-
cation and research, and in the areas of policy and practice. This statement was the 
overarching message during the third annual International Summit on Medical Nutrition 
Education and Research, held at Wolfson College, University of Cambridge, United 
Kingdom, in August 2017. This summit encouraged attendees to think more broadly 
about the impact of nutrition policy on health and communities, including the need to 
visualize the complete food system from “pre-farm to post-fork.” Evidence of health 
issues related to food and nutrition were presented, including the need for translation 
of knowledge into policy and practice. Methods for this translation included the use of 
implementation and behavior change techniques, recognizing the needs of health-care 
professionals, policy makers, and the public. In all areas of nutrition and health, clear and 
effective messages, supported by open data, information, and actionable knowledge, 
are also needed along with strong measures of impact centered on an ultimate goal: to 
improve nutritional health and wellbeing for patients and the public.

Keywords: nutrition, public health, health care, policy, global food systems, implementation

iNtrODUctiON

Nutrition has a vital role in maintaining health and preventing disease. As such, a chain of 
events from food production, through the food environment to dietary choices, advice and 
interventions, summatively impact nutritional status, thus modulating health or disease. With an 
increasing recognition of the preventative role of nutrition in health-related policy and practice, 
effective strategies are needed to bridge current divides between nutrition research and profes-
sional education, as well as between the agricultural and human health-related knowledge bases 
in nutrition. This was the main message of the third annual International Summit on Medical 
Nutrition Education and Research event hosted by the Need for Nutrition Education/Innovation 
Programme (NNEdPro) Global Centre for Nutrition and Health, and the Global Open Data 
for Agriculture and Nutrition (GODAN) at Wolfson College, University of Cambridge, United 
Kingdom (UK) on August 1–2, 2017. The Summit brought together international organizations 
and individuals involved in nutrition education and research. This year, the focus was on how 
to work together to build a strong evidence base and translate that evidence into policy and 
practice, looking at the whole system of food, nutrition, and health. A schematic representation 
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FigUre 1 | A schematic representation of the conference themes.
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of the conference theme, as outlined by Sumantra Ray (SR) 
and André Laperrière (AL) is provided in Figure 1, and a list 
of speakers and key messages is in Table  1. The aim of this 
perspective is to outline key messages from the Summit and 
present ideas for future consideration.

iMPActiNg NUtritiON WitH A FOOD 
sYsteMs APPrOAcH

While nutritional issues can be approached from different 
perspectives when considering individual United Nations (UN) 
Sustainable Development Goals (SDG), the UN Decade of 
Action on Nutrition aims to bring together a matrix of SDG-
relevant actions with Nutrition as a common denominator (1, 
2). Considering a food systems approach, it is recognized that 
well-designed policy can impact “pre-farm” by influencing 
food production from the very beginning of the food-cycle. 
Determining what crops farmers grow can impact on the farming 
methods needed to tend and nurture the crop, as well as influence 
resultant yields. Farming practices also impact food production, 
which impacts on food environment and nutrient quality, thus 
subsequently influencing dietary choices, leading to the “post-
fork” impact on nutritional and health status. Examining this 
whole systems approach demonstrated the need for strong evi-
dence and ways to translate that evidence into policy and practice 
at all levels within the system, including clear communication, 
and public health messaging.

eNgAgiNg POLicY MAKers AND 
cOMMissiONers tO iMPrOve HeALtH

Engaging with policy makers and commissioners is essential, 
particularly when looking at improving health outcomes of 

individuals by taking a systems approach of “pre-farm to post-
fork.” In line with this approach, Franceso Branca from the World 
Health Organization (WHO) outlined priorities for global nutri-
tion policy in the context of the SDG—agenda 2030, particularly 
Goal 2: End hunger, achieve food security, and improved nutrition 
and promote sustainable agriculture (1). Policy makers should be 
addressing the double burden of malnutrition, as undernutrition 
or overweight/obesity, combined with nutrition-related non-
communicable diseases (NCD), can all play a role at individual, 
household, and population levels, and across the lifespan. Policy 
coherence is needed across food systems and agriculture, and the 
UN Decade of Action on Nutrition (2) demonstrates that nutri-
tion is a key concern for the WHO commission.

Policy makers should also recognize that access to open data 
can support policy decisions in agriculture. For example, Chris 
Baker presented a search tool that provides a user-friendly 
graphical interface, for complex ad hoc query composition suit-
able for policy makers or programme managers. This tool will 
have a query engine that is able to discover online data resources 
from multiple organizations (e.g., the European Food Safety 
Authority), retrieve, and integrate the data on a per query basis. 
This tool could help determine the type of crops and quantities to 
be grown that would contribute to a healthier diet for a specific 
population demographic.

John Ingram discussed how policy makers should know the 
potential for food systems to bridge food production and nutri-
tion. As part of this, they should recognize the differences between 
the Food and Agriculture Organization of the United Nations 
definition of “food security,” and the Committee on World Food 
Security (CFS) definition of “nutrition security.” Overall, “nutri-
ents are seen as a crucial component of security, and food security 
is seen as a crucial component of nutrition security” (3, 4). A food 
system perspective is needed to structure the necessary dialog 
between researchers along the whole food chain (plant breeders, 
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tAbLe 1 | Speakers and key messages from the Third International Summit on Medical Nutrition Education and Research.

speaker name Organization country Key message

Day 1 (AM): engagement with policy makers and commissioners

Moderators: Dr. Jennifer crowleya and André Laperrièrea

Dr. Francesco 
Branca

World Health Organization (WHO) Switzerland Policy coherence across food systems and agriculture is required to address the double 
burden of disease that exists throughout the world to enable the United Nations to 
achieve the Sustainable Development Goals-agenda-2030

Boshko Stankovskia Trinity College, University of 
Cambridge

Republic of 
Macedonia

The evolving nature of the international right to food has relevance to nutrition research 
and education

Professor Chris 
Baker

IPSNP Computing Inc. (Canada, 
UK), University of New Brunswick, 
Canada

Canada Real world decision-support (as outlined by the Food and Agriculture Organization 
of the United Nations “Use Cases”) requires rapid access to numerous distributed 
sources and analysis of data. Queries to these diverse and heterogeneous data sources 
are typically ad hoc in nature. A unique advanced search engine, HYDRA, is able to 
discover and retrieve relevant sources of data online and integrate it such that the data 
can provide comprehensive answers. Examples of queries requiring the federation and 
integration of data were in support of decisions on: which varieties of eggplant to grow, 
the corresponding profit margins, and consequences of crop husbandry (pesticides) on 
non-target organisms (bees)

Dr. Guiseppe Grossoa Integrated Cancer Registry, Azienda 
Ospedaliera Universitaria Policlinico 
Vittorio Emanuele

Italy Strong evidence is required to inform public health messages when researching the  
impact of food and nutrition in humans

Dr. John Ingram University of Oxford UK Food systems can provide the link between food production and good nutrition,  
including food security and nutrition security, when there is good communication  
between plant breeders, agronomists, farmer education, and public health messaging

Kiringai Kamau University of Nairobi Kenya Data driven, student led, agricultural extension models can align infrastructure to support 
the governments’ efforts to address producer community knowledge delivery gaps

Professor Louis Levy Public Health England (PHE) UK Nutrition research fits into the policy cycle of identifying needs, options, implementation, 
monitoring, and evaluation review and requires evidence at each stage of the cycle

Day 1 (PM): role of health-care providers in delivering nutritional care and nutrition skills in practice

Moderator: Nida Ziauddeena

Melissa Adamski Monash University Australia Monash University has a suite of online courses, Food as Medicine. The Food as  
Medicine MOOC is an educational tool aimed at the general public, which provides free, 
flexible online learning in areas of food, nutrition, and health. The suite of for-fee flexible 
online courses are for HCP to provide relevant and useful nutrition information that can  
be used in health-care practice

Celia Laura University of Waterloo Canada NNEdPro’s Global Innovation Panel supports individuals and groups to enhance the skills 
of HCP and translate evidence into practice

Dr. Jennifer Crowleya University of Auckland NZ The Australia New Zealand Network supports medical nutrition educators progress 
medical/health-care nutrition researchProfessor Eleanor 

Becka

University of Woollongong Australia

James Bradfielda University College Cork UK NNEdPro has developed a multipronged educational strategy ranging from e-learning 
for health care and related professionals to educational interventions in poorly resourced 
settings. I-KANN-25 will serve as an international knowledge exchange platform to bring 
together existing knowledge and also provide a platform to share best practice within  
and across regions

Shivani Bhata NNEdPro Canada

Professor Sumantra 
Raya

NNEdPro UK

Eritia Abulu University of Hereford UK Student and health-care professionals illustrated different approaches to the key role 
pharmacists could provide at the interface between the public and HCP to deliver  
nutrition advice to patients

Miranda van 
Emmenis

University of Cambridge UK

Pauline Douglasa University of Ulster UK

Candice Ward Cambridge Diabetes Education 
Programme (CDEM)

UK

Dr. Robert Winwood Royal DSM UK Some drug nutrient interactions adversely affect micronutrient status in human tissue, 
while others can benefit micronutrient interactions

Selvarani Elahia Laboratory of the Government 
Chemist (LGC)

UK The Food Authenticity network is a virtual initiative to bring together those involved in  
food authenticity testing across the UK, and in other countries access to a network of  
food authenticity testing laboratories

(Continued )
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speaker name Organization country Key message

Day 1 (mini symposium): translating novel data on polyphenols onto practice

Moderator: Professor Daniele Del rioa

Dr. Christina Khoo Ocean Spray USA Ocean Spray is associated with universities and government agencies to understand the 
nutritional and health benefits of the cranberry

Dr. Daniela Martini University of Parma Italy The three main pillars used to judge health food claims provide guidance for the research 
required to have claims substantiated

Dr. Donato Angelino University of Parma Italy Emerging evidence suggests that polyphenols, particularly procyanidins, found in tea, 
cocoa, grapes, nuts, and berries are beneficial for cognitive function

Professor Nathalie 
Tufenkji

McGill University Canada Emerging evidence suggests that cranberry may be an alternative to use of antibiotics for 
the prevention and treatment of infections

Geoffrey Istas Kings College London UK Emerging evidence suggests that cranberry polyphenols provide beneficial effects to the 
vascular health of healthy men

Professor Kalpana 
Gupta

Boston University School of Medicine USA Recent research demonstrates that cranberry lowers urinary tract infections in women

Day 2: implementation science-moving research into practice

Moderators: Dr. Margaret Ashwell (AfN), Dr. glenys Jonesa, Professor Martin Kohlmeiera

Celia Laura University of Waterloo Canada Finding effective ways of getting evidence into routine practice using implementation 
science and practice. Examples from the More-2-Eat implementation project

Harrison Cartera University of Cambridge UK Practicable solutions are being sought to address barriers that challenge implementation 
policy to address hospital malnutrition

Pauline Douglasa NNEdPro UK The cow’s milk allergy project aims to bring best practice from hospital care into primary 
care and community care practiceDr. Glenys Jonesa NNEdPro UK

Dr. Minha Rajput 
Raya

NNEdPro UK

Associate Professor 
Suzanne Piscopoa

Society for Nutrition Education and 
Behavior (SNEB)

Malta To promote healthy eating behaviors that are effective, interventions need to be based 
on behavior change theory, target specific audiences, and go beyond disseminating 
information to nurturing a willingness to improve food intake and creating an enabling 
environment

University of Malta

Dr. Laura Thomas Laura Thomas Ph.D. UK Intuitive eating principles can create behavior change in practice

“Don’t Salt My Game”

Victor Mogre University for Development Studies, 
Tamale 

Ghana Educational interventions should emphasis building skills, self-efficacy, and role modeling 
of nutrition care by leaders in the practice setting to improve nutrition practice behavior. 
Future studies should measure improved clinical outcomes that result from change in 
nutrition practice behavior

Victoria Avery Yakult UK There is potential for probiotics, given in conjunction with an educational programme for 
care home staff, to counter the effects of age-related changes to gut microbiota, and 
enhance the health of care home residents

Anthony Warner The Angry Chef UK “Fake news” related to nutrition illustrates the importance of evidence-based and easily 
understood nutrition communication and public health messaging

Dr. Giles Yeo University of Cambridge UK Academics have a duty to stand up for and be passionate about the truth, but how it is 
told also matters

Day 2: panel discussion: the creation of the nutrition data strategy

Moderator: André Laperrièrea

Ruthie Muskera Global Open Data for Agriculture and 
Nutrition (GODAN)

UK The need for and benefits of open access data were supported by most summit 
attendees who provided suggestions how NNEdPro and GODAN can continue to 
advocate for it/open access dataNida Ziauddeena University of Southampton UK

Dr. Glenys Jonesa NNEdPro UK

aNNEdPro Member.
GTA, Global Training Academy; HCP, health-care professionals; NELICO, Nutrition Education and Leadership for Improved Clinical Outcomes; NZ, New Zealand; MOOC, Massive 
Open Online Course; USA, United States of America.
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agronomists,1 extension services (farmer education),2 raw mate-
rial processors, final product processors, through to nutritionists, 
anthropologists, and behavioral psychologists) to link agriculture 
to nutrition outcomes. Policy makers should also acknowledge 
the need to educate farmers about which crops to grow/produce, 
as discussed by farmer and agricultural economist, Kiringai 
Kamau.

From a cross-border legal perspective, the evolving nature of 
the international right to food, and its relevance within nutri-
tion research and education was presented by Bosko Stankovski. 
Policy makers should know that the right to food is progressive 
and should be seen as dynamic, not static, as evidenced in three 
UN documents (5–7). Giuseppe Grosso discussed the need for 
strong evidence to inform policy and public health messages, 
recognizing the limitations of some studies, including the ethical 
challenges when researching the impact of food and nutrition in 
humans.

Louis Levy (LL) of Public Health England (PHE) presented 
a UK perspective on nutrition evidence, policy development, 
and implementation. LL discussed how nutrition research fits 
into the policy cycle of identifying needs and options, following 
through to implementation, monitoring, and evaluation/review. 
Evidence is required at each stage of the cycle and is accompanied 
by consultation when applicable.

HeALtH-cAre PrOviDers HAve A KeY 
rOLe iN DeLiveriNg NUtritiONAL 
cAre

To put nutrition policies into practice, one approach is to focus 
on educating health-care providers and developing their skills to 
deliver safe and effective nutrition care. For example, the Food 
as Medicine, Massive Open Online Course, presented by Melissa 
Adamski, provides free, flexible, online learning for the general 
public, with education on the relationship between food, nutrition, 
and health. Under this Food as Medicine brand, a suite of for-fee 
online courses have also been developed for health-care profession-
als (HCP) without a nutrition background, or as refresher courses 
for nutrition professionals (8), a number of which have been 
externally quality assured by the UK Association for Nutrition.

To further encourage international shared learning in nutri-
tion education, the NNEdPro’s Global Innovation Panel (GIP) 
supports individuals and groups to work and learn together to 
enhance the skills of HCP and translate evidence into practice. 
For example, within GIP, the Australia and New Zealand Network 
(ANZ Network) aims to support medical nutrition educators pro-
gress medical/health-care nutrition research. NNEdPro is also 
developing e-learning materials for the University of Cambridge, 
School of Clinical Medicine, which is also included as pre-learning 
material for the NNEdPro Summer School Foundation Certificate 
Course in Applied Human Nutrition. The global application of 

1 Works with the science and technology of producing and using plants for food, 
fuel, fiber, and land reclamation.
2 Agricultural extension is the application of scientific research and knowledge to 
agricultural practices through farmer education.

such teaching methods was illustrated in NNEdPro’s Urban Slum 
Project that delivered a series of workshops to educate local HCP 
and lay volunteers on delivering nutrition advice to the urban 
slum population in India (9).

Another way that NNEdPro supports HCP education is 
through the International Knowledge Application Network in 
Nutrition 2025 initiative (I-KANN-25), which uses the global 
increase in NCDs as an example to illustrate its application. 
I-KANN-25 is part of NNEdPro’s education and training acad-
emy, which facilitates: nutrition education at the University of 
Cambridge; the Summer School in Applied Human Nutrition 
(Cambridge); the annual International Summit (Cambridge); 
and e-learning initiatives. I-KANN-25 seeks to connect materials 
from these initiatives and more, to be used internationally, such as 
through the development of an online portal, which will encour-
age regional adaptations and opportunities for international 
interaction to facilitate learning. The I-KANN-25 online network 
will be modeled on the Food Authenticity Network, developed 
by the Department for Environment, Food and Rural Affairs 
(Defra). The Defra initiative spans 21 countries to bring together 
those involved in food authenticity testing (10).

the role of Nutrition in Pharmacy
Pharmacists play a key role within primary care, often having 
more contact with members of the community than other HCP 
(11). For this reason, pharmacists are a key group that should be 
aware of the importance of nutrition. To highlight this opportu-
nity/need, NNEdPro ran an essay competition entitled, “The role 
of nutrition in pharmacy settings.” The competition, the third in a 
series of annual NNEdPro essay competitions (12, 13), was open 
to those working in or studying pharmacy, and those attend-
ing the NNEdPro Summer School. The pharmacy winner was 
University of Herefordshire student, Eriata Abulu who presented 
ideas from her essay, as did Summer School student winner, 
Miranda Van Emmenis. Both competition winners and a panel 
of speakers highlighted that with additional training, pharmacists 
could fulfill a key role at the interface between the public and 
HCP to deliver evidence-based nutrition messages.

To demonstrate a specific example of how nutrition science 
integrates with pharmacists’ clinical role, Robert Winwood pre-
sented on drug nutrient interactions.

trANsLAtiNg NOveL DAtA ON 
POLYPHeNOLs ONtO PrActice

The emerging evidence regarding the benefits of polyphenols 
provided an interesting case study on how evidence-based nutri-
tion that has proven clinical effectiveness can be translated into 
practice. To present this case, Daniele Del Rio (DDR) provided an 
introduction to polyphenols, while Christina Khoo set the scene 
by outlining Ocean Spray’s history and collaboration of research 
with universities, government agencies, and other companies to 
highlight evidence regarding the impact of cranberries on health.

A series of researchers outlined emerging evidence for poly-
phenols in health. Daniela Martini presented on requirements 
for scientific substantiation of health claims, indicating the 
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benefits of using the three main pillars on which food claims 
are judged to provide guidance for the quality research required 
to have claims substantiated (14, 15). Donato Angelino pre-
sented evidence suggesting that polyphenols, in particular, 
proanthocyanidins, found in tea, cocoa, grapes, nuts, and 
berries, are beneficial for cognitive function. However, lack of 
robust biomarkers of dietary intake hampers progress in this 
field. Geoffrey Istas presented on the effects of polyphenols on 
vascular function in healthy men. Nathalie Tufenkji discussed 
cranberry as an alternative for prevention of urinary tract infec-
tions (UTIs), an infection that contributes to global spread of 
antibiotic resistance. Kalpana Gupta focused on the impact of 
cranberry on UTIs, the most common bacterial infection in 
women (16). KG’s research among women with recent history 
of UTI demonstrates a lowered number of symptomatic UTI 
episodes for those consuming cranberry juice (17), suggesting 
an alternative preventative measure.

iMPLeMeNtAtiON—MOviNg reseArcH 
iNtO PrActice

What is implementation science and How 
can it improve Nutritional care?
With the expanding evidence in nutrition research, know-
ing when and how to get that research into practice is key. 
Knowledge translation, implementation, behavior change, and 
communication of nutrition messages are important compo-
nents when translating this research into practice. Celia Laur 
presented an example of an effective implementation project 
from the Canadian More-2-Eat project, which improved nutri-
tion care in five Canadian hospitals. By working with hospital 
champions and support teams, and using a variety of imple-
mentation and behavior change strategies, all five hospitals 
successfully implemented nutrition screening, and a method 
of triaging at risk patients to receive appropriate care. A toolkit 
to support implementation is available online (18), and plans 
are underway to sustain change and spread nationally and 
internationally, including in the UK.

In the UK context, a barrier to addressing hospital malnu-
trition is the confusion and misunderstanding about who is 
responsible for malnutrition. Harrison Carter (HC) explained 
the need for HCP to understand how to get policy into practice, 
including how it may require a whole system/service change, such 
as staff contractual alterations and workforce agreements. He also 
mentioned the costs associated with implementation to improve 
hospital malnutrition as another barrier. Medical nutrition edu-
cation at all levels was one practical recommendation to address 
policy implementation barriers.

Another UK example of an implementation project underway 
focused on nutritional management of cow’s milk allergy, cur-
rently, a neglected clinical area. The aim is to bring examples of 
best practice from hospital care into primary and community 
practice for this most common food allergy in infants and young 
children. Focus groups and interviews are being conducted to 
inform what needs to be done and how, with a theory of change 
model being created.

connecting implementation, education, 
and behavior change
Presenting accurate nutrition messages in a way that is easy to 
understand is another important aspect within public health. 
Anthony Warner, a well-known blogger with a “temperament,” 
presented on bad science and the truth about healthy eating. 
Faddish diets from insta-food stars thrive in a world that favors 
easy explanation. People are attracted to these easy explanations 
over real science, potentially making decisions harmful to health. 
In a world of “fake news” with many providing their opinion on 
nutrition, qualified nutrition professionals have an important 
role in providing information that is evidenced based and easily 
understood.

While messaging is important, we also need to change behav-
ior. To effectively promote healthy eating behaviors, Suzanne 
Piscopo discussed how nutrition interventions should be based on 
behavior change theory, target specific audiences, and go beyond 
disseminating information to nurturing willingness to improve 
food intake and creating enabling environments (19). Laura 
Thomas provided an example of this, describing use of intuitive 
eating principles in practice to create changes in behavior (20).  
A broader perspective was taken by Victor Mogre who explained 
the evidence from across several countries regarding educational 
interventions to improve nutrition care competencies and deliv-
ery by doctors and other HCP (21). When it comes to medical 
nutrition education, there is far more in common across regions 
than there are differences. Needs assessments should inform the 
design of interventions in order to improve nutrition practice 
behavior.

bringing it All together
Giles Yeo’s (GY) presentation, although focused on the genetics 
of body weight and several unique examples, provided a strong 
emphasis on nutrition communication, and transmission of that 
message from trusted sources. GY argued that academics have a 
duty to be passionate about the truth, but how the truth is told 
also matters.

Continuing with the translation of nutrition evidence into prac-
tice, another area with growing evidence is the use of probiotics in 
a care home environment, which was presented by Victoria Avery. 
This educational programme is used to increase care home staff 
knowledge of the potential benefits that probiotics can provide. 
Caryl Nowson provided another example of nutrition translation 
and the promotion of healthy aging through bringing together the 
training of medical, nursing, nutrition, and physical activity HCP. 
Many HCP include professional domains for lifestyle approaches 
to reducing disease, which enables nutrition in care of the older 
person to be made part of everyone’s business. To translate this 
approach into action, examples were provided including a project 
to increase muscle mass and strength in women living indepen-
dently in retirement villages (22). The recommendation was 
that if all HCP curricula included nutrition competencies, skills 
learned would provide opportunities to develop real-world inter-
disciplinary approaches for: disease prevention and management 
to identify nutritional risk; the importance of lifestyle to patients 
for health; and support nutritional self-management of patients.
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tHe NeeD FOr OPeN DAtA

There is a need for open nutrition data in all of its forms (i.e., 
source data, descriptive collated information, research intel-
ligence, and evidence synthesis) to be available for relevant 
experts to access and analyze. A discussion, chaired by AL and 
led by Ruthie Musker, Nida Ziauddeen, and Glenys Jones, out-
lined the need for and use of open data. A significant challenge 
raised during the discussion was ethics; the need for consent 
from participants, through to challenges of ethical approval at 
organization level. For example, whether university ethics review 
boards would approve collection and future use as open data. 
Most people recognized the need for and benefits of open data 
and provided suggestions for how NNEdPro and GODAN can 
continue to advocate and develop systems for open data access, 
such as the use of trials registries and repositories, formats for 
standardizing the anonymization of subject data, and ways to 
link data sources.

cONcLUsiON

Nutrition education provides the means to connect the ever-
expanding and changing body of research-based evidence 
to policy and practice. This year, the Summit focused more 
broadly on how to impact policy and the need to concentrate 
on the full food system from “pre-farm to post-fork.” Once 
it is clear that strong evidence exists and the timing is right 
for translation into policy and practice, implementation and 
behavior change techniques should be employed, targeting 
HCP and the public. In all areas within nutrition and health, 
clear and effective messages are needed along with strong 
measures of impact centered on an ultimate goal: to improve 
nutritional health and wellbeing for patients and the public 
with a longer term view to link nutritional interventions, both 
at population and individual levels, to measureable health 
outcomes.
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Over the past 60 years there has been a dramatic increase in the prevalence of over-
weight in children and adolescents, ranging from 4% in 1975 to 18% in 2016. Recent 
estimates indicate that overweight or obese children and adolescents are more than 340 
million. Obesity is often associated with hypertension, which is an important cardiovas-
cular risk factor. Recent studies show that the presence of hypertension is a frequent 
finding in the pediatric age. Hypertensive children easily become hypertensive adults. 
This phenomenon contributes to increasing cardiovascular risk in adulthood. Primary 
hypertension is a growing problem especially in children and adolescents of western 
countries, largely because of its association with the ongoing obesity epidemic. Recently, 
it has been hypothesized that a dietary link between obesity and elevated blood pressure 
(BP) values could be simple carbohydrate consumption, particularly fructose, both in 
adults and in children. Excessive intake of fructose leads to increased serum uric acid 
(SUA) and high SUA values are independently associated with the presence of hyper-
tension and weaken the efficacy of lifestyle modifications in children. The present review 
intends to provide an update of existing data regarding the relationship between BP, 
simple carbohydrates (particularly fructose), and uric acid in pediatric age. In addition, 
we analyze the national policies that have been carried out over the last few years, in 
order to identify the best practices to limit the socio-economic impact of the effects of 
excessive sugar consumption in children.

Keywords: obesity, cardiovascular disease, hypertension, fructose, uric acid

OBeSiTY: A wORLD DiSeASe

In the world, obesity rages like an epidemic that involves millions of people each year. The World 
Health Organization (WHO) has declared that around 39% of the world’s population is overweight 
and that worldwide obesity has nearly tripled since 1975. This alarming evidence shows that obesity 
is one of the major public health problems of the twenty-first century (obesity complications are 
the cause of about 3 million deaths per year) and the most frequent nutritional disorder in the 
developed countries. The infants with excess weight, in 2016, were 41 million. This problem mainly 
concerns the urban zone of developing countries.1

The prevalence of people with excess weight in Europe differs among countries: in the 
Mediterranean area it ranges from 20 to 40%, and in the northern countries it lies between 10 

1 http://www.who.int/mediacentre/factsheets/fs311/en/.
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and 20% (1). These figures are alarming, especially when one 
considers that Mediterranean countries, which are traditionally 
supposed to follow a Mediterranean diet, classified as a healthy 
food regime, have the highest prevalence of overweight children. 
In 2015 in Italy, children and adolescents in excess of weight 
reached a proportion of 30.6%.2

Childhood overweight is a very common problem in high-
income countries, but it has also spread in medium and low-
income areas, and it is mostly due to low-quality diet and poor 
physical activity (2).

There are, therefore, several factors contributing to the onset of 
overweight; besides, genetic predisposition, socio-environmental, 
and psychological factors also contribute (3).

The social cost of obesity is increasing (4), but the health costs 
may turn out to be even higher if, on top of the cost of hospitaliza-
tions, other indirect costs attributable to obesity, such as those 
due to lower school performance, psychosocial problems, and 
poor quality of life, are added.

OBeSiTY AnD CARDiOvASCULAR 
DiSeASeS (CvD)

Until a few years ago, body fat was considered an energy storage, 
without hormonal and metabolic functions, and its increase 
represented only an esthetic problem or an obstacle to physical 
performance, rather than a real health problem (5). Current 
epidemiological data show, with increasing force, that the obe-
sity and overweight epidemic and its early onset in childhood 
make it necessary to consider excess weight as a cardiovascular 
risk factor also in pediatric age (6). Indeed, numerous studies 
documented an independent association between obesity and 
ischemic heart disease (angina and myocardial infarction) in 
adulthood (7). Furthermore, it has been clearly demonstrated 
that obesity favors heart failure, atrial fibrillation, stroke, and 
sudden death (7, 8). The INTERHEART study, a case–control 
study that looked at 29,972 patients in 52 countries, showed 
that the relationship between waist circumference and waist-to-
hip ratio and myocardial infarction was stronger than the one 
between myocardial infarction and body mass index (BMI) (9). 
Therefore, central obesity increases the risk of developing CVD 
and premature deaths. Worldwide, CVD is the major cause of 
death and disability. In fact, in 2012 the deaths caused by CVD 
were 17.5 million, representing about 30% of global deaths.3 
Even in the pediatric population, the phenomenon of obesity is 
widespread and, if not corrected, it can determine the onset and 
progression of CV complications, leading to enormous social 
and health costs.

OBeSiTY AnD HYPeRTenSiOn

Obesity is often associated with other CV risk factors such as 
hypertension, type 2 diabetes, endothelial dysfunction and left 
ventricular hypertrophy. In particular, in the pediatric population, 

2 http://www.epicentro.iss.it/okkioallasalute/dati2016.asp.
3 http://www.who.int/mediacentre/factsheets/fs355/en/.

hypertension is by far the major risk factor associated with 
obesity. Hypertension has been recognized globally for more 
than 50 years as an important risk factor for CVD in the adult 
popu lation (10, 11), and its estimated prevalence is of about a half 
billion hypertensive subjects in 2025 (12). The literature showed 
that in children hypertension is not as rare as it was believed. This 
has led to a systematic approach to the problem in children and 
adolescents, with the publication of US and European recommen-
dations on this subject (13–15). Excess weight in childhood and 
adolescence is the most common cause of hypertension (16–18). 
The first major study on pediatric hypertension stated that “the 
detection and management of hypertension in children and 
hypertension precursors in adults are the next big public health 
frontier” (19).

Unfortunately, to date, the diagnosis of childhood hyper-
tension is still absent in most cases, and the knowledge of pedi-
atric hypertension among physicians is still insufficient. The 
obstacles for optimum recognition of childhood hypertension 
include not only the limited knowledge but also the difficulty 
of performing multiple measurements over the years, which 
are essential for proper diagnosis (20, 21). In the American 
continent, according to the latest estimates, 74 million children 
under the age of 18 are hypertensive (22).

In Italy, 4% of schoolchildren have high blood pressure (BP) 
(16). Only 1–3% of hypertensive children are normal weight (23), 
while approximately 37% are overweight. An obese child is three 
times more at risk of developing hypertension than a normal-
weight child (24).

Central obesity plays an important role in determining 
hyper tension in the child: waist circumference, and waist-to-
height ratio are in fact independent determinants of high BP 
beyond BMI in childhood (25). The presence of hypertension in 
childhood raises the probability of being hypertensive in adult-
hood (26).

The advances in diagnostic techniques for revealing early 
organ damage in the subclinical phase of hypertension have 
made it possible to understand that, even in pediatric age, high 
BP can be associated with alterations of some target organs, like 
left ventricular hypertrophy and increased carotid intima-media 
thickness (27, 28).

HYPeRTenSiOn: ROLe OF URiC ACiD

In 1972, Kahn and colleagues demonstrated that increased 
serum uric acid (SUA) was an independent risk factor for 
hypertension. In particular, they found that 25–40% of adults 
with hypertension had SUA > 6.5 mg/dl and more than 60% had 
>5.5 mg/dl, and that SUA and systolic BP were linearly related. 
In the Multiple Risk Factor Intervention study in normotensive 
men, the presence of SUA levels greater than 7 mg/dl increased 
the risk of developing hypertension by 80%. The association 
between hyperuricemia and hypertension was more common 
in young people. High SUA was observed in about 90% of 
adolescents with recent onset hypertension and the SUA level 
correlated with BP values (29). Viazzi and colleagues found a 
correlation between SUA and hypertension in children with risk 
factors for CVD (30).
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No clear causal or mechanical correlation between eleva-
tion of uric acid and hypertension development had yet been 
described, until in a rat model with mild hyperuricemia high uric 
acid levels were shown to be associated with the development of 
initial hypertension.

It was already known that humans and monkeys have higher 
SUA levels than most other mammals, due to the lack of the 
liver enzyme uricase that degrades uric acid to allantoin. With 
this knowledge, at the end of the 1990s, Johnson and colleagues 
developed a model of hyperuricemic rats using a pharmacologi-
cal uricase inhibitor The hyperuricemic rats developed systemic 
hypertension, demonstrating that the increase of SUA was the 
cause of the increase in BP (31).

Two randomized studies showed that SUA lowering drugs 
were able to reduce BP values in adolescent pre-hypertensive 
and hypertensive individuals, demonstrating that hypertension 
is related with uric acid (32, 33).

Moreover, experimental studies have clarified the mechanism 
through which hyperuricaemia leads to increased BP. The basis 
of this mechanism has been hypothesized to be renal vaso-
constriction that is mediated by the increase in SUA through 
reduction of endothelial nitric oxide release and activation of the 
renin–angiotensin system with consequent vascular and renal 
damage (34–36).

A significant association between hyperuricemia, endothelial 
dysfunction, and activation of the renin–angiotensin system has 
also been documented in humans (37, 38).

The development of CVD may be caused by elevated val-
ues of SUA which induce inflammation at the vascular level 
(Figure 1).

In conclusion, all these data together suggest that uric acid 
promotes the development of hypertension through a two steps 
mechanism (39). Uric acid increases the vascular resistance by 
activating the renin–angiotensin–aldosterone system and sup-
pressing the vascular nitric oxide production. Consequently, 
the development of the arteriosclerosis process is promoted. 
This process involves structural changes and is thus hardly 
reversible (40).

HYPeRTenSiOn: ROLe OF FRUCTOSe 
COnSUMPTiOn

The epidemic increase in hypertension and hyperuricemia may 
be partly due to the increase of sugar consumption (41).

Many epidemiological and experimental data have recently 
allowed to hypothesize that high consumption of sugar with the 
diet may be the mediator of the observed association between 
hypertension and hyperuricemia (41, 42).

The consumption of added sugars, in particular fructose, and 
high fructose corn syrup has drastically increased (41). Excess 
weight and associated metabolic pathologies may be caused by 
the excessive intake of fructose and give rise to systemic hyper-
tension (43). Fructose metabolism has been reviewed extensively 
elsewhere (44) and will be only briefly outlined here. Fructose 
is absorbed into the enterocytes of the small intestine by the 
transporter GLUT5 and successively poured into the blood by 
GLUT2 (45). The liver absorbs most of the fructose present in 
the systemic circulation and hepatic fructokinase catalyzes the 
phosphorylation reaction to produce fructose-1-phosphate and 
to initiate fructose catabolism (46). Unlike the phosphorylation 
of glucose by glucokinase, where a feedback system prevents 
excessive phosphorylation and ATP depletion, fructokinase is not 
inhibited by its product (fructose-1-phosphate). Consequently, 
the fructose metabolism leads to a fast reduction in intracel-
lular ATP, and the AMP produced is metabolized to uric acid 
(Figure 2). In fact, within 30 min after fructose ingestion, a rise 
in uric acid can be found in the circulation (43).

Studies demonstrated that elevated fructose intake and, con-
sequently, hyperuricemia induce inflammation in renal tubular 
epithelial cells leading to renal injury and development of hyperten-
sion. Indeed, drugs used to treat hyperuricemia (i.e., allopurinol)  
prevent this effect (47–49).

The association between fructose consumption and increase 
of BP levels is demonstrated by clinical and epidemiologic 
studies in adolescents and adults. In the National Health and 
Nutrition Examination Survey study population, a correlation 
between consumption of sugar-sweetened beverages (SSB) and 
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higher levels of SUA and BP was shown (50, 51). Furthermore, 
Jalal and colleagues showed that allopurinol prevented the 
increase in BP values induced by the assumption of 200  g of 
fructose (52). In addition, a prospective study in healthy adults 
showed that a significant reduction of BP values was obtained 
by reducing intake by one SSB serving per day, independently 
of weight loss (53).

In adults, the correlation between sugar intake, excess weight, 
and cardiovascular risk was demonstrated by several epide-
miologic studies. The consumption of SSB causes weight gain or 
increases the risk of overweight or obesity (54–56). These data 
emphasize the public health importance of reducing the intake of 
these beverages and other sweets.

wORLD PRevenTiOn STRATegY

To manage the obesity epidemic, local and international admin-
istrations have implemented different national programs (57), 
in particular to fight childhood obesity.

It is complicated to evaluate the effectiveness of national 
public health programs (PHP) because of the number of people 
involved (58).

The success of a PHP requires a combination of synergistic 
and complementary actions, measures, regulations, and laws. 
Among the goals, increase in fruits and vegetables consumption, 
reduction in intake of simple sugars (in particular SSB), and 
increase in daily physical activity should not be missing.

A key strategy of the program could be to disseminate 
clear and simple information about its objectives and to 
provide dietary reference guidelines for the target population. 

Moreover, the collaboration between governments and the 
food industry should be encouraged in order to improve the 
quality of supplied food, as has been done in France during  
the French National Nutrition and Health Program. It should 
be noted, however, that some authors have shown that there is 
no evidence of the effectiveness or safety of these public–private 
partnerships (59).

To fight childhood obesity, the programs must affect the 
school settings. In France, a “Regulation on the Composition of 
School Meals and Food Safety” is provided to encourage school 
food service managers to offer fresh foods, quality products, 
and well-balanced meals as well as to take an active role in 
developing nutrition education and banning school vending 
machines (60).

Many authors (61–64) agree that schools are important for 
nutrition education because they give opportunities for experi-
ential learning and are responsible for communication with the 
family and the wider community (3).

Few obesity intervention programs have targeted preschool-
aged children. Lim et al. (64) tested the feasibility and effective-
ness of the NASA MX project among South Korean children in 
kindergarten in order to promote early prevention of obesity. 
Their intervention program consisted in 4  weeks of fitness 
training and 2 weeks of nutrition education and they demon-
strated that this PHP was feasible and resulted in favorable 
changes in eating behavior and nutritional knowledge among 
children.

Interestingly, different projects reported a reduction in 
sweet drinks (65), carbonate beverage (61), and SSB (66) 
con sumption.
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Currently, about 35–40 states in the US and the District of 
Columbia have sales taxes on sodas sold in grocery stores and 
in vending machines with the goal of decreasing caloric intake 
from nutrient poor foods. However, such small taxes seem to be 
ineffective in reducing the consumption of soda (67).

Unfortunately, some researchers (65, 68) reported the failure 
of a project regarding overweight children. In particular, the 
children involved continued with their bad habits, including 
excessive consumption of sweet foods, low fruit consumption, 
and sedentary behavior. On the other hand, the overweight chil-
dren showed an improved knowledge of the attitudes to healthy 
eating and physical activity (68).

Some researchers (69, 70) launched the “Paying less for health” 
trials and showed that the price of food items influenced the 
purchase at the refectory or at the vending machine.

Schools should plan PHP for the prevention of obesity (61), 
in particular to teach how to reduce the consumption of SSBs in 
favor of clean drinking water (71, 72).

Ministries, research, and educational institutions are in the 
right position to contribute, each with their own skills, to prevent 
cardiovascular risk factors in children to reduce the incidence of 
CVD in adulthood because “cardiovascular prevention is a thing 
of children!”
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Cardiovascular disease (CVD) causes almost half of all on-duty deaths in US firefighters 
and is an important and costly cause of morbidity. In addition, cancer is a growing 
health concern in this population. Obesity and obesity-associated, cardiometabolic risk 
clustering are major, modifiable risk factors for fire service CVD and cancer risk. The 
Mediterranean diet (MedDiet) is proven effective in primary and secondary CVD preven-
tion. It is also associated with a decreased risk of cancer and other chronic diseases. 
Moreover, it can be adapted into successful workplace interventions. Emerging data 
from our group regarding the US Fire Service show that greater compliance with the 
MedDiet is associated with improved CVD risk profiles and less weight gain among 
career firefighters. Moreover, the fact that career firefighters take a considerable number 
of meals communally on the job also represents an excellent opportunity for a workplace 
Mediterranean Diet Nutritional Intervention (MDNI). The devastating effects of obesity, 
CVD, and cancer on the US fire service are recognized, but currently few effective 
preventive programs exist. The consistently positive health benefits from following a 
MedDiet and promising preliminary data in the fire service justify translational research 
to determine the most effective means of delivering MDNIs to US firefighters. Therefore, 
a high priority should be assigned to efforts, which can help further disseminate and 
implement our program of novel behavior change strategies, “Survival Mediterranean 
Style,” throughout the US fire service and eventually to other occupations.

Keywords: Mediterranean diet, lifestyle, firefighters, workplace health, obesity, cardiovascular health, cancer

iNtrODUctiON

Today, as a result of the worldwide epidemics of obesity and diabetes, we are witnessing a strong 
and renewed interest in the traditional Mediterranean diet (MedDiet). A nutritional approach that 
derives its appeal not only from its many proven health benefits but also from its delicious meals 
combining diverse flavors, colors, and aromas fresh from the land and sea.

The MedDiet has consistently been associated with decreased all-cause mortality, less chronic 
disease, and better quality of life (1–6). Robust evidence in the general population consistently 
demonstrates the benefits of MedDiet on cardiovascular risk factors including obesity, hypertension, 
diabetes, and metabolic syndrome (4, 7–13). Therefore, it also decreases the risk for cardiovascular 
disease (CVD) morbidity and mortality (2, 8, 14–18).
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Variants of the MedDiet have been consumed in more than 
15 countries surrounding the Mediterranean Sea (19). The 
MedDiet includes high consumption of extra-virgin olive oil, 
fruits, vegetables, nuts, and legumes, unrefined whole grain and 
fish; a moderate intake of yogurt and fermented dairy, eggs, and 
poultry; moderate wine consumption with meals and low intake 
of processed and red meats and sweets (5, 14).

After a successful proof of concept, MedDiet has been shown 
to be applicable in non-Mediterranean countries as well, with 
supportive evidence for carrying on its cardioprotective role 
(20). From Australia to Japan, Chile and Iran as well as North-
European countries, following the key principles of MedDiet has 
given great opportunities to various food types of local cuisines 
that can serve as great substitutes of food items that can be more 
easily found only in the Mediterranean region, thus enhancing its 
adherence on a global scale (20). Although a challenge, the appli-
cability and transferability of the MedDiet in non-Mediterranean 
countries is desirable and supported by the current scientific 
evidence on its health benefits in non-Mediterranean countries. 
Some approaches such as the alternative MedDiet (16), and the 
recognition of this dietary pattern in the latest 2015 Dietary 
Guidelines for Americans are clear examples.

Emerging data from firefighters in the US, a population with 
significant health concerns, also support beneficial effects and 
potential for greater adoption of this eating pattern, despite living 
in a non-Mediterranean country. While less than 2% of firefight-
ers currently follow the MedDiet, over 60% want to learn more 
about it and over 70% would be interested in an online nutritional 
platform (21). Controlled trials can quantify these benefits and 
determine the cost-effectiveness of implementation (22).

This paper will provide the rationale and need for 
Mediterranean Diet Nutrition Interventions (MDNI) in the US 
fire service. First, we will summarize data on CVD in firefighters 
and demonstrate that a major proportion of CVD morbidity and 
in particular, mortality is attributable to obesity and cardiometa-
bolic risk clustering. We will then discuss nutritional challenges 
and opportunities in the fire service; the role of healthy diet in 
CVD prevention; in particular, the proven benefits of MedDiet; 
as well as the success of workplace interventions to change eat-
ing and lifestyle behavior. Moreover, we examine data revealing 
the role of obesity in increasing the risk of many cancers, while 
MedDiet reduces the risks of obesity, cancer, and other chronic 
diseases. Finally, we will use preliminary data from the fire service 
to support that an MDNI should improve key dietary habits, 
decrease weight gain, and improve firefighters’ CVD risk factor 
profile.

cvD iN tHe Us Fire service

Cardiovascular disease is the predominant cause of on-duty death 
and lifetime mortality in the US fire service. Sudden cardiac death 
(SCD) causes about 45% of on-duty fatalities. Strokes, aneurysms, 
and other CVD pathologies result in another 5% of on-duty 
deaths (23–26). There are an estimated 17–25 non-fatal, line-of-
duty CVD events in the US fire service for every fatal on-duty 
CVD event (25). Thus, CVD is also a major cause of morbidity 
and disability (25, 27, 28). As in the general population, these 

CVD events are largely due to coronary heart disease (CHD) 
(23–25, 27). Finally, CHD accounts for 30% of all deaths and, 
thus, is the leading cause of lifetime mortality among US firefight-
ers (29). Thus, interventions which prevent CVD are clearly the 
top priority for US fire service research. In this regard, the effect 
of MedDiet in CVD prevention is roughly equivalent to statin 
medications (e.g., Lipitor, Crestor) (30), while having added 
benefits on weight control, preventing diabetes, and decreasing 
the risk of cancer (31, 32).

Obesity and cardiometabolic risk clustering are well-estab-
lished CVD risk factors in the general population, and as well 
obesity strongly promotes risk factor clustering as mediated by 
negative effects on blood pressure, metabolism, sleep-disordered 
breathing, and cardiac enlargement (28). In the fire service, 
obesity has documented adverse effects on: fitness, metabolic 
syndrome, left ventricular hypertrophy/cardiomegaly, incident 
CHD; on-duty CHD events, including SCD; injury risks/workers’ 
compensation costs; job-related disability and CVD retirements 
(24, 25, 27, 33–36).

The obesity problem in the US fire service has been increas-
ing. Steadily within the worldwide obesity epidemic, about 40% 
of firefighters are now obese (25). A recent population-based 
investigation of both career and volunteer firefighters proved that 
the high obesity prevalence was due to excess adiposity rather 
than the misclassification of increased muscle mass (37). In fact, 
obesity was more prevalent when assessed by body fat measures 
compared to body mass index (BMI).

Even in a study of young fire recruits (mean age 26 years), 44% 
were overweight and 33% were obese. The obese subjects, com-
pared to normal weight subjects, had an almost sevenfold greater 
risk of hypertensive blood pressure readings (38). Another recent 
investigation of young firefighters found 67% to be overweight or 
obese. Again, high BMI was associated with higher central blood 
pressure and increased arterial stiffness (39).

While the effects of excess weight on CVD are usually thought 
of as manifesting in middle-aged and older firefighters, we have 
recently linked obesity, hypertension, and other modifiable risks 
to fire service deaths in young firefighters. Among firefighters 
≤45 years of age, at least two-thirds of on-duty SCD was related to 
preventable factors such as obesity and CHD (36). Moreover, we 
found surprising preliminary evidence of excess obesity among 
on-duty trauma deaths (burns, asphyxiation, and blunt trauma) 
compared with occupationally active control firefighters (36). 
These data suggest effective dietary intervention within an overall 
wellness strategy could reduce both CVD- and non-CVD-related 
morbidity and mortality.

eXistiNG DietArY cHALLeNGes  
AND OPPOrtUNities

The high prevalence of obesity and CVD risk clustering in the 
fire service is multifactorial. First, shift work has been associ-
ated with weight gain, increased blood pressure, and worsening 
insulin resistance (25, 28). Moreover, shift work and unscheduled 
emergency calls, lead to irregular meal times, which increase the 
likelihood of choosing fast foods and other takeout foods. Thus, 
career firefighters are more likely to consume meals higher in 
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sugars and saturated fats (40–42). These factors likely contribute 
to certain traditions around over-eating and less healthy choices 
common in fire service culture.

According to one of our recent studies, the two dietary factors 
that differed the most between obese and non-obese firefighters 
were obese firefighters’ higher consumption of sugary drinks and 
fast-food (41). These findings are consistent with those from the 
general population. Sweetened beverages are the largest contribu-
tors to added-sugar consumption in the US (43–45). In addition, 
investigations have associated increased fast-food consumption 
with obesity (46–48) and cardiometabolic risk (49).

Nonetheless, there are also good opportunities for interven-
tion in the fire service and successes have been achieved with 
workplace approaches. Promoting Healthy Lifestyles: Alternative 
Models’ Effects was a prospective randomized controlled study 
of firefighter wellness, examining individual (one-on-one moti-
vational counseling), and team health promotion approaches. 
Both interventions had beneficial effects on LDL cholesterol and 
exercise habits, compared with the control group (50). Moreover, 
after 1 year, both intervention groups demonstrated better weight 
control; more fruit/vegetable consumption and perceived greater 
well-being compared to controls (51). Even 4  years after the 
12-month interventions, physical activity and nutrition remained 
improved compared with baseline (52).

There is also evidence that less intense wellness strategies have 
positive effects on fire service health. Poston et al. compared 10 
fire departments that had implemented key Wellness Fitness 
Initiative (WFI) components (53) and compared them to 10 
otherwise similar departments that had not implemented WFI 
approaches. Firefighters in the WFI departments had significantly 
lower BMI, body fat, waist circumference, and were over 40% less 
likely to be obese (53).

MedDiet AND cvD AND cANcer 
reDUctiON

Numerous studies have demonstrated the effectiveness of MedDiet 
in reducing all-cause mortality (54–56), CVD morbidity and 
mortality, and cancer mortality (1–6, 57). These benefits likely 
derive from effects on intermediate states such as inflammation 
hypertension, obesity, metabolic syndrome, and diabetes mellitus 
(4, 7–10). Given these clear benefits, the latest US government 
nutritional guidelines recognize and recommend the MedDiet 
as a healthy option for Americans (58). Most nutrition experts 
recognize that there are many healthy eating patterns found 
across the globe, including Asian and vegetarian options, but 
there is a consensus that the “Mediterranean diet reigns supreme” 
considering all the evidence and pros and cons of each (59).

Consistent evidence of benefits from MedDiet has inspired 
MDNI. In the classic Lyon Heart study, subjects with a history of 
myocardial infarction were randomized to an MDNI or control 
diet (59). The MDNI mimicked a traditional Cretan diet with 
less red meat, but more fruit, vegetables, fish, and margarine. The 
randomized controlled trial (RCT) was stopped early because 
of excessive morbidity/mortality in the control arm, while the 
MDNI lowered the risk of recurrent heart disease by 50–70% 
during follow-up (60).

Mediterranean Diet Nutrition Intervention trials for pri-
mary prevention have also provided very promising results. 
Metabolic syndrome, a precursor of heart disease, affects over 
25% of career firefighters (61). A 2-year randomized trial of 
MDNI reversed metabolic syndrome in 2/3 of the intervention 
group, whereas metabolic syndrome persisted in more than 
80% of the controls (62). The most notable MDNI trial to date 
is PREDIMED in Spain (17). Beginning in 2003, PREDIMED 
ultimately randomized over 7,000 participants at high CVD 
risk, but without known CVD, to one of three interventions: 
an MDNI supplemented with extra-virgin olive oil; an MDNI 
supplemented with mixed nuts or a low-fat diet. The most 
recent data from PREDIMED provide the highest quality 
scientific evidence thus far of MedDiet benefits. After an aver-
age of 4.8  years of follow-up, subjects given the MDNI with 
extra-virgin olive oil had a 40% reduction in the incidence rate 
of new-onset diabetes (63), and a 30% decrease in major CVD 
events compared to control subjects prescribed a low-fat diet 
(14). In addition, PREDIMED has already documented other 
benefits, including decreased risk of breast cancer (64) and 
cognitive decline (65).

It is important to note that MedDiet is associated with signifi-
cantly decreased cancer risks (6, 66, 67). First, although there are 
diverse workplace exposure and other causes of cancer, obesity is 
a major and modifiable risk factor for many types of cancer (34). 
Second, obesity is highly prevalent among US firefighters (25, 37) 
and third, MedDiet can reduce body weight and help maintain 
lower body weights. Finally, following a MedDiet produces large 
and significant decreases in cancer risks (1, 68–70). According 
to the most recent study, cancer is the second leading cause of 
lifetime mortality among US firefighters and accounts for over 
25% of deaths (29). Therefore, long-term Mediterranean dietary 
changes in the fire service should positively impact firefighters’ 
cancer burden.

MedDiet AND WOrKPLAce BeHAviOrAL 
cHANGe

As we recently summarized in published reviews of MedDiet and 
the workplace, experience with worksite MDNIs is limited, but 
the evidence is quite positive (66, 67). Shai et al. have completed 
the only RCT at an Israeli nuclear facility, where over 300 obese 
participants were randomly assigned to: a low-fat, restricted-
calorie diet; a Mediterranean, restricted-calorie diet; or a low-
carbohydrate diet without calorie restriction (71). The 2-year 
intervention included a spousal education program and changes 
in the workplace cafeteria (72). After 6 years, the total weight loss 
was greatest and most significant for the Mediterranean group 
(3.1 kg), whereas the other two groups gained back most of their 
weight (73). Moreover, the Mediterranean group had the greatest 
persistent reductions in triglyceride and cholesterol levels from 
baseline.

In a Chilean factory, a 1-year, uncontrolled MedDiet interven-
tion using education and changing the employer’s cafeteria sig-
nificantly improved MedDiet scores, waist circumference, HDL, 
blood pressure, and metabolic syndrome prevalence among the 
participants (2).
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Carey et al. performed an uncontrolled pilot study of a 12-week 
low-glycemic nutritional program including some MedDiet 
principles in 10 men from one platoon of the Buffalo, NY Fire 
Department (74). At baseline, 70% had metabolic syndrome and 
an average of 3.2 metabolic syndrome risk factors. Upon com-
pletion of the pilot, the prevalence of metabolic syndrome and 
risk factors had decreased significantly: 30% and 1.9 metabolic 
syndrome risk factors, respectively.

PreLiMiNArY DAtA

Modified MedDiet score and 
cardiovascular risk in Midwestern 
Firefighters
We previously investigated the dietary habits of 780 Midwestern 
firefighters using a modified Mediterranean diet score (mMDS) 
derived from a comprehensive lifestyle questionnaire. Greater 
adherence to MedDiet as measured by the mMDS was sig-
nificantly associated with improvements in body fat, metabolic 
syndrome, LDL- and HDL-cholesterol, weight gain, and aerobic 
fitness (41). Firefighters with greatest adherence to MedDiet 
showed a 35% decreased risk of metabolic syndrome and 43% 
lower risk of weight gain compared to the bottom quartile of 
mMDS. Associations for improved HDL, total cholesterol/HDL, 
and body fat remained significant even after adjustments for age, 
BMI, and physical activity levels (36).

National surveys of international 
Association of Fire Fighters (iAFF) 
Members
Dietary change is more likely to happen if the change strategy 
is acceptable to the target population and addresses perceived 
knowledge gaps. Therefore, in collaboration with the IAFF (21), 
we have conducted national surveys of firefighters. We found 
that 71% of IAFF members do not currently follow any particular 
dietary plan, and less than 2% report that they currently follow 
the MedDiet. However, over 70% want to learn more about the 
MedDiet; and they most frequently rated the MedDiet description 
as their favorite and gave it better rankings (p < 0.001) compared 
to the Paleo, Atkins, and other popular diets. Diverse and colorful 
flavors; the ability to enjoy lean meats in moderation; healthy fats 
and proteins from olive oil, nuts, fish, and the temperate wine 
consumption in moderation make the MedDiet an attractive and 
enjoyable option. Most important, the MedDiet does not require 
completely giving up any specific food and is, therefore, accessible 
and acceptable for adoption and long-term adherence among 
diverse groups, including the fire service. The weight status and 
the opinions expressed by career firefighters results strongly sup-
port the need for and a positive reception to potential MDNIs.

DiscUssiON

We know that more than one of every three firefighters in the US 
is obese and SCD is the number one line of duty killer-far ahead 
of burns and dangerous gases in fire smoke. We are also aware 
that fire department environments may promote and reinforce 

poor eating habits and thus, may inadequately increase CVD and 
obesity risks. Obviously, given the positive effects of MedDiet 
on CVD, obesity control, and cancer, it is more important than 
ever to more widely disseminate and implement MedDiet in the 
US fire service to improve firefighter health and longevity. We 
step–step provided the evidence necessary to promote behavioral 
change strategies in the fire service and modify the existing food 
culture, with the ultimate purpose to be getting more firefight-
ers and their families to adopt the principles of the MedDiet to 
decrease their risks of chronic disease.

All our research stated above has provided the evidence needed 
and put the rationale and the basis; and with an unprecedented 
success, the US Department of Homeland Security awarded our 
team in 2015 with a $ 1.5-million, 3-year, competitive research 
grant entitled “Feeding America’s Bravest: MedDiet-Based 
Interventions to Change Firefighters’ Eating Habits and Improve 
Cardiovascular Risk Profiles” to conduct Mediterranean Diet 
Nutritional Interventions in selected US firefighters. Namely, our 
trials consist of two parallel designs. First, regarding the career 
firefighters, we have developed multi-pronged, MDNI behavior 
change strategies including: diet/lifestyle education; discounted 
access to key MedDiet foods; electronic education platforms and 
reminders. MDNI components have been refined via surveys, 
literature review, and local/national firefighter input including 
labor/management and fire service focus groups, and as a result of 
the above refinements, our team has developed original firefighter-
specific MedDiet pyramid, food shopping guides and recipes many 
of which were designed and created based on firehouse favorites. 
Second, we have developed an online, open trial as a demonstra-
tion project to help change volunteer firefighters’ health habits and 
improve cardiovascular risk profiles using a MedDiet intervention 
strategy. The online tools include firefighter-centered guidelines for 
eating and exercise, firefighter-favorite recipes, food shopping tips, 
guides for eating out and on the go, running healthy meetings and 
a series of short instructional videos, among other resources.

Nutrition and medical experts agree that following a 
Mediterranean-style diet improves health. However, the health 
system has had very limited effectiveness in changing Americans’ 
eating and other lifestyle behaviors, while limited evidence sug-
gests that workplace-based nutrition interventions can be benefi-
cial. Building on our prior work with firefighters and the above 
rationale, our funded projects seek to establish the effectiveness 
of behavioral change strategies in the fire service to modify the 
existing food culture. Our goal is to motivate firefighters and their 
families to adopt key features of the MedDiet at work and home 
through education, participation, and incentives.

Overall, our team aims to create comprehensive, accessible, 
and sustainable programs around the time-honored and scien-
tifically proven principles of the Traditional MedDiet that after 
a successful proof of concept, can be disseminated to nationally 
to the rest of the US fire service, as well as other workplaces and 
schools in the future. Already, we are working with two other out-
standing employers who are preparing to adopt and incorporate 
healthy dietary workplace initiatives: overall, our team aims to 
create a comprehensible, approachable, and sustainable program 
around the time-honored and scientifically proven principles of 
the Traditional MedDiet that after a successful proof of concept, 
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can be disseminated to the rest of the fire service and other 
workplaces and schools in the future: law enforcement officers at 
the Broward County Sheriff ’s Office (Florida) and the automobile 
manufacturer, SEAT, in Spain (75).

cONcLUsiON

The ultimate purpose of this work is to get more firefighters and 
their families to adopt the principles of the MedDiet to decrease 
their risks of chronic disease.
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Objectives: To investigate the impact of the Cambridge Intensive Weight Management

Programme (IWMP) on weight change, eligibility for bariatric surgery, HbA1c, and blood

pressure.

Design: Prospective non-randomized intervention.

Setting: The IWMP is a multi-disciplinary weight loss intervention for severely obese

patients to avoid or optimize their physiological state thus enabling bariatric surgery. It

uses dietary interventions, pharmacotherapy, and physical activity along with behavior

change counseling.

Participants: Severely obese patients (Body Mass Index, BMI≥40 kg/m2).

Interventions: IWMP is a prospective intervention conducted in a National Health

Service Tier 3 obesity service. It includes 3 phases of 8 weeks each: weight loss, weight

stabilization, and weight maintenance. In each phase, patients adhered to a prescribed

dietary regime and attended regular clinic visits. Data included in this analysis are from

those who enrolled in IWMP between 2009 and 2013.

Primary and secondary measures: The primary outcome was weight change

between baseline and completion of the programme. Secondary outcomes included

changes in blood pressure, HbA1c and eligibility for bariatric surgery pre-assessment.

Changes in outcomes were compared by age, sex, smoking status, and employment.

Results: Of n = 222 eligible patients, complete data were available for n = 141 patients

(63.5%). At baseline, the mean (SD) BMI was 49.7 (9.2) kg/m2 for women, and 47.9 (7.2)

kg/m2 for men. Mean (SD) weight change for women was −18.64 (8.36) kg and −22.46

(10.98) kg for men. N = 97 (69%) of patients achieved ≥10% weight loss. Individuals

aged ≤50 years lost significantly more weight than those aged >50 years [mean (SD)

weight loss: 22.18 (10.9) kg vs. 18.32 (7.92) kg, p = 0.020]. Changes in weight were

non-significant by smoking status or employment. Median (IQR) change in systolic and
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diastolic blood pressure was −6 (−14.6) mmHg and 0 (−8.6) mmHg (non-significant),

respectively. There was ∼50% reduction in the need for bariatric surgery.

Conclusions: For the majority of the patients, IWMP is promoting weight loss and

allowing for avoidance of, or optimization before, bariatric surgery.

Keywords: obesity, diabetes mellitus, hypertension, policy making, bariatric surgery, behavior change, dietary

intervention, physical activity adherence

INTRODUCTION

Obesity and related disorders, such as type 2 diabetes, are
reaching epidemic prevalence worldwide (1). In England, the
prevalence of obesity increased from 15% in 1993 to 26% in
2014 (2). For severe obesity (defined as body mass index (BMI)
≥40 kg/m2 according to the World Health Organization), the
prevalence has more than tripled since 1993, with 2% of men
and 4% of women being severely obese in 2014 (2). Findings
of the Prospective Studies Collaboration suggest that every 5
kg/m2 increase in BMI is associated with a 30% higher overall
mortality, 40% higher for vascular mortality and 60–120%
higher for diabetic, renal and hepatic mortality (3). Evidence
also suggests that those who are overweight or obese are at
increased risk of developing type 2 diabetes, cardiovascular
disease, musculoskeletal disorders and certain cancers (4).
Furthermore, people who are obese are seven times more likely
to develop diabetes than those within the normal BMI range
(5).

Recent literature has demonstrated effectiveness of bariatric
(weight loss) surgery for the treatment of obesity. According
to a Cochrane review of 22 randomized controlled trials
(RCTs) of surgery for weight loss in adults, the direction
of effect across studies suggests that those who had surgery
had greater weight loss than those who underwent non-
surgical management of obesity, one to two years later
(6). Improved health-related quality of life and improved
diabetes were also reported (6). Picot et al. in 2016 suggested
that bariatric surgery appears to be a clinically and cost-
effective intervention for moderately to severely obese people
(4).

Despite the clear NICE guidance (BMI≥40 kg/m2, or between
35 and 40 kg/m2 and other significant co-morbidities such as
diabetes, hypertension or severe obstructive sleep apnoea that
could be improved if they lost weight) (7), the effectiveness
of bariatric surgery, and the rising prevalence of obesity,
the availability of bariatric surgery in the UK remains poor.
Welbourn et al. indicated that in the UK, <1% of individuals
who could benefit from bariatric surgery get the treatment (8).
One of the potential explanations for this observation is that
general practitioners are not able to refer patients directly to
surgical services, but instead, there is a tiered system (Tier 1
covers universal services such as health promotion or primary
care; Tier 2 covers lifestyle interventions; Tier 3 covers specialist
weight management services; and Tier 4 covers bariatric surgery).
In the UK, there were 6,032 Finished Consultant Episodes in
National Health Services (NHS) hospitals in 2014/15 with a

primary diagnosis of obesity and a main or secondary procedure
of bariatric surgery (2). Of bariatric surgery patients, 60% were
between the ages of 35–54, and 76% of patients were female (2).

In those who are severely obese, intense action may be taken,
with support of healthcare professionals, to decrease weight as a
way to avoid bariatric surgery or prepare individuals so they are
more suitable for surgery (9). The Cambridge Intensive Weight
Management Programme (IWMP) is a multi-disciplinary weight
loss intervention designed for severely obese patients to lose
weight with the support of a multi-disciplinarily healthcare team
within a Tier 3 Obesity service. To support this weight loss, the
IWMP uses a structured and well-supervised combination of
dietary interventions (low calorie diet), pharmacotherapy, and
physical activity (written and verbal advice) all underpinned by
continual counseling for behavioral change (targeting diet and
activity) during 24-week follow-up divided in 3 8-week phases
with a different diet composition in each phase.

The aim of the IWMP is to promote weight loss or weight
loss maintenance, and behavior changes for people who are
severely obese. The ultimate goal for those in IWMP is to avoid
bariatric surgery, or to be in a more optimal physiological state
prior to bariatric surgery. This paper aims to explain the IWMP
and its impact on weight change in severely obese individuals.
Secondary measures include: change in eligibility for bariatric
surgery, diabetes risk (HbA1c), and blood pressure measured
across the strata of age, sex, and employment.

METHODS

Study Population
The IWMP is a prospective multi-component intervention
conducted by the Tier 3 Obesity Services, at Addenbrooke’s
Hospital, Cambridge University Hospitals NHS Foundation
Trust, in Cambridge, UK. Although this service is ongoing, data
for this intervention was collected from 2009 to 2013.

Patients were recruited from the Addenbrooke’s hospital
obesity hospital service, which provides healthcare to the patients
from East Anglia region. Individuals who were eligible for the
IWMP were being treated in the obesity clinic and then agreed to
complete the intensive programme with fortnightly clinic visits.
The eligibility typically meant that patients were severely obese
(BMI ≥40 kg/m2) but wanted to avoid bariatric surgery or had
been recommended for patient optimization prior to bariatric
surgery. Any contraindication to a low energy diet was used
as exclusion criteria, including: pregnancy, significant renal or
hepatic disease, unstable coronary heart disease, uncontrolled
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diabetes, active eating disorder, unstable psychological status, or
inability to attend clinic visits.

Prior to entering the study, patients underwent a rigorous pre-
programme screening that consisted of comprehensive medical
and psychological assessments. A detailed medical assessment
designed to review any medical or surgical contraindications was
required to select eligible patients as well as identify potential
obesity-related co-morbidities to be optimized (10). The Epworth
Sleepiness Scale was used to assess for the symptoms of
obstructive sleep apnoea (11). Psychological assessments were
taken prior to the intervention, and throughout the programme,
however results will not be presented here. Since this work
is based on hospital service data, a specific ethics committee
approval was not required.

Intervention
The IWMP was delivered by a multi-disciplinary team, which
included consultant physicians, a clinical (obesity) psychologist,
clinical nurse specialists, advanced specialist dietitians, and
specialist dietitians. The IWMP consisted of a 24-week weight
loss programme divided into three 8-week phases (Figure 1).
In each phase, patients were required to adhere to a prescribed
dietary regimen, record food intake and physical activity, and
attend regular clinic visits. Additional medical and psychological
management of related comorbidities using a multidisciplinary
team approach ensure clinical safety for patients enrolled on the
programme.

Phase 1 (Weight Loss)
Patients consume an all-liquid diet of 4–5 pints (1,136–1,420
kcal) of semi-skimmed milk per day or 800–1,000mL of an
alternate supplement (1,280–1,600 kcal) of Nutricia Fortisip
Extra R© if volume is not tolerated. The Nutricia Fortisip Extra R© is
a dietary supplement used in individuals with malnutrition. The
dietary composition of 100mL of semi- skimmed milk included
proteins (3.6 g), carbohydrates (4.8 g, of which sugars 4.8 g), and
fat (1.8 g) while 100mL of Nutricia Fortisip Extra R© included
proteins (6 g), carbohydrates (18.4 g, of which sugars 6.7 g), and
fat (5.8 g). The volume prescribed was dependent on protein
requirement (12), ensuring a minimum of 50 g a day to meet with
Low Calorie Diet guidelines (13). Patients also took a complete
multivitamin andmineral supplement as well as fiber and sodium
supplements (in a form of sodium chloride) as the liquid diet
is typically low in sodium chloride. Medications for diabetes
that may cause hypoglycaemia and antihypertensive medications
were reduced in order to minimize risks of hypoglycaemia and
symptomatic postural hypotension which might otherwise occur
with the lifestyle intervention. There were solid and lactose
free choices for those who were unable to tolerate the milk or
supplements of the programme.

Phase 2 (Weight Stabilization)
Patients transitioned to a diet of 50% milk and 50% solid food.
Weight loss medication was added (Orlistat and Sibutramin).

Phase 3 (Weight Maintenance)
Patients returned to a 100% solid diet and individualized energy-
balanced nutritionally complete diet. Patients received guidance
on weight maintenance including relapse management and a
focus on an overall healthy diet.

Follow-Up
Patients were followed up for 3 months after completion of
the IWMP before care was transferred back to the general
practitioners.

Outcome Measures
To monitor patient’s progress, the following outcomes were
measured at the fortnightly clinic visits: weight (kg), height
(m), and blood pressure (mmHg). Weight was measured using
standardized Seca R© (Hamburg, Germany) weight scales. Height
was measured using a Seca R© (Hamburg, Germany) stadiometer.
BMI was calculated as weight divided by high squared and
expressed as kg/m2. HbA1c, an indicator of diabetic control, was
assessed at the beginning and at the end of the intervention using
a standard microprocessor controlled HPLC system dedicated
to A1C analysis (TOSOH A1c Analyser). Physical activity
was assessed using the Baecke’s Questionnaire (14) in a small
subset of patients at baseline (results not shown due to small
sample size of the participants responding to the questionnaire
which is a voluntary part of the multifarious monitoring
activities which patients need to conduct in this service).
Smoking status was self-reported as a dichotomous variable
(smoker/non-smoker). Employment status was self-reported
(employed/unemployed/retired) with employed patients also
providing details about their occupation (no standard occupation
coding was used). The employed patients were further classified
according to occupational physical activity (sedentary/non-
sedentary job). This classification was performed in an arbitrary
fashion based on the common qualitative descriptions of the jobs
reported.

Statistical Analysis
As this is a service evaluation of exploratory nature rather than a
primary research study, power calculations were not performed
nor were strict hypotheses formulated prior to the onset of
the IWMP. IWMP is a complex clinical service intervention
with tailoring to the needs of individual patients, rather than a
controlled study intervention.

Descriptive statistics for continuous variables including
weight, height, BMI and HbA1C, are shown as mean (SD)
when distribution was normal or median (IQR) in the case of
substantial departure from normality, and N (%) for categorical
variables including smoking, employment, and occupational
physical activity. An a priori decision was made to present
baseline characteristics, and rate in the weight or BMI change, by
sex for comparability with the studies that include women ormen
only. To test the differences in weight change and BMI change
across 2 or ≥3 categories of socio-demographic variables, t-test
and ANOVA were performed, respectively. The Mann-Whitney
U-test and the Kruskall-Wallis test were conducted to assess the
difference in non-normally distributed variables according to 2
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FIGURE 1 | Overview of the 3 phases within the 24-week intensive weight management programme.

FIGURE 2 | Median (IQR) body weight (kg) by visit and at the 3-month

follow-up (visit 13).

or ≥3 categories of socio-demographic variables, respectively.
The rate of weight or BMI change between the 3 phases of the
programme was assessed using Kruskall-Wallis test.

The above-mentioned socio-demographic variables were
considered to be potential predictors of the outcomes of interest.
Each predictor was entered in a univariable linear regression
model with weight change and BMI change being continuous
outcomes in separate models. A p-value < 0.10 was considered
statistically significant in these univariable models and p < 0.05
in all other analyses. Only age-category and sex reached statistical
significance and were used in the further multivariable model.

RESULTS

Participant Characteristics
Baseline characteristics are shown in Table 1. Of n= 222 eligible
patients, complete data were available for n = 141 patients
(63.5%), with 48% women (Table 1). The average age was 47
years and 50.5 years of age for women and men, respectively.
All participants qualified as severely obese with the mean (SD)
BMI at 49.7 (9.2) and 47.9 (7.2) kg/m2 for women and men,

TABLE 1 | Baseline characteristics by sex.

Men (N = 74) Women (N = 67)

Mean (SD) Mean (SD)

Age (y) 47.0 (10.7) 50.5 (12.1)

Weight (kg) 151.7 (26.9) 132.8 (29.2)

BMI (kg/m2) 47.9 (7.2) 49.7 (9.2)

Systolic blood pressure (mmHg) 129.5 (16.9) 122.9 (16.9)

Diastolic blood pressure (mmHg) 72.5 (12.1) 71.6 (12.1)

HbA1c (%) 8.63 (1.75) 7.7 (1.6)

Type 2 diabetes diagnosis, N (%) 44 (66%) 54 (73%)

EMPLOYMENT STATUS

Employed, N (%) 31 (63%) 26 (50%)

Unemployed, N (%) 12 (25%) 22 (42%)

Retired, N (%) 6 (12%) 4 (8%)

SMOKING STATUS

Non-smoker, N (%) 40 (83%) 42 (81%)

Smoker, N (%) 8 (17%) 10 (19%)

Data on employment and smoking status were available for 101 and 100 patients,

respectively.

respectively. Sixty-six percent of men and 73% of women had
a confirmed diagnosis of type 2 diabetes. Follow-up data was
collected, however responses were only received fromN = 45 at 3
months and n= 0 at 6 months. The prevalence of unemployment
was high, with 25% (N = 12) inmen and 42% (N = 22) in women.
N = 8 (17%) men and N = 10 (19%) women reported being
current smokers.

Primary Outcome—Weight Change
There was an average (SD) weight loss of 20.5 (9.8) kg following
completion of the intervention. Sixty-nine percent (N = 97) had
lost 10% or more of their body weight.

Comparisons between weight loss, percentage weight loss,
and BMI change are presented in Table 2, stratified by sex,
smoking status and employment status. A statistically significant
difference was found in mean (SD) weight loss between men and
womenwithmen losingmore weight than women [women: 18.64
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(8.36) kg; men: 22.46 (10.98) kg, p = 0.021]. This did not remain
significant for BMI change and percent weight loss. Significance
was also found for age group, with results suggesting that patients
who are 50 years old or less have greater mean weight loss [≤50
years, 22.18 (10.9) kg; >50 years, 18.32 (7.92) kg, p = 0.020] and
mean BMI change [≤50 years, −7.58 (3.45) kg/m2; >50 years,
−6.26 (2.78) kg/m2, p = 0.016] than their older counterparts.
There were no significant differences in weight loss, percentage
weight loss, or BMI change according to smoking or employment
status.

The rate of weight change is presented in Table 3, including
the three phases of IWMP. There was a significant difference in
the rate of weight change between the phases (p < 0.001). The
highest rate of weight change was observed in the first phase of
the intervention with median (IQR)−11.2 (−14.7,−8.2) kg. The
magnitude of the change decreased to −4.8 (−7.1, 2.4) kg and
−1.2 (−3.2, 0.2) kg in the second and third phase, respectively.

Figure 2 details the median (IQR) weight for every visit and 3-
month follow-up (visit 13 in the figure). The median (IQR) body
weight dropped from 147.2 (127.4, 164.6) kg at baseline to 121.0
(111.4, 144.4) kg at the end of the third phase and reached 120.0

TABLE 2 | Mean weight loss, percentage weight loss, and BMI change by sex,

age, smoking status, and employment status.

Weight loss (kg) % Weight loss BMI change

Mean (SD) Mean (SD) Mean (SD)

SEX

Women (n = 74) 18.64 (8.36) 14.08 (6.19) −6.94 (3.19)

Men (n = 67) 22.46 (10.98) 14.59 (6.55) −7.04 (3.28)

p-value 0.021 0.634 0.849

AGE GROUP

≤50 years (n = 77) 22.18 (10.9) 15.22 (6.97) −7.58 (3.45)

>50 years (n = 62) 18.32 (7.92) 13.21 (5.31) −6.26 (2.78)

p-value 0.020 0.062 0.016

SMOKING STATUS

Non-smoker (n = 81) 22.20 (10.05) 15.1 (6.57) −7.51 (3.35)

Smoker (n = 18) 19.54 (13.12) 13.3 (7.08) −6.71 (7.08)

p-value 0.339 0.263 0.377

EMPLOYMENT STATUS

Employed (n = 57) 22.52 (12.08) 14.7 (7.38) −7.45 (3.74)

Unemployed (n = 34) 20.42 (8.73) 14.4 (6.38) −7.31 (3.20)

Retired (n = 9) 19.09 (4.43) 14.9 (3.77) −6.27 (1.98)

p-value 0.495 0.967 0.635

TABLE 3 | Rate of weight change (kg) throughout the phases of the programme.

Phase Mean SD Median Interquartile range

25th; 75th percentiles

Weeks 1–8 −11.9 7.5 −11.2 −14.7; −8.2

Weeks 9–16 −4.8 4.3 −4.8 −7.1; −2.4

Weeks 17–24 0.1 12.7 −1.2 −3.2; 0.2

p < 0.001 for the Kruskal-Wallis test across the 3 phases.

(106.2, 133.6) kg at the 3-month follow-up. The greatest weight
reduction was noted in the first month of the study and was
followed by a slower weight loss and finally stabilization. Similar
trends were observed for BMI (Supplementary Information,
Figure 1).

Univariate regression models with weight loss as the outcome
showed significance for sex and age group (Table 4). These
two predictors were then entered in a multivariable (i.e.,
mutually adjusted) model and the significance remained for
both predictors with the same direction and similar magnitude
of the association as in univariate models, i.e., male sex (β
= 4.32, 95% CI: 1.14–7.50) and being younger than 50y (β
= 4.36, 95% CI: 1.16–7.55) were associated with significantly
greater weight loss compared to being female of older than
50y (Supplementary Information Table 1). This model suggests
independent associations of age and sex with weight loss. As
no statistical significance was reached in univariate models with
other socio-demographic variables, these were not entered in
the multivariable model and their effects on the weight loss are
interpreted only from univariate models.

Secondary Outcomes
Bariatric Surgery
At the time of analysis, bariatric surgery guidelines for the East
of England Specialised Commissioning Group indicated that
eligible patients must have a BMI ≥40 kg/m2 with either type 2
diabetes or severe obstructive sleep apnoea. Of the n= 32 IWMP
patients whomet the BMI criteria for bariatric surgery at baseline,
only n = 17 were still eligible by the end of the intervention
(46.7% reduction). Of the n = 26 patients who met the BMI and
age criteria (18–65 years) for bariatric surgery (15), only n = 13
were still eligible at post-intervention (50% reduction).

Diabetes (HbA1c)
Of the patients with diabetes (n = 66 for type 2 diabetes; n
= 2 for type 1 diabetes) there was a median (IQR) reduction
in HbA1c of 8.6 (0–17.8)%. This equates to a median (IQR)
unit reduction of HbA1c of 0.6% (0–1.6) according to Diabetes
Control and Complications Trial (DCCT) and −8.0 (−17.0,
−1.0) mmol/mol according to the International Federation for
Clinical Chemistry (IFCC). A greater reduction in HbA1C
was observed among men, those older than 50 years, non-
smokers and retired compared to the counterparts without

TABLE 4 | Univariable linear regression models assessing the associations of sex,

age, smoking status, and occupation with weight loss (IWMP, baseline N = 141).

β-coefficient 95% Confidence interval p-value

Sex (male) 3.82 0.59 – 7.05 0.021

Age (≤50y) 3.85 0.61 – 7.10 0.020

Smoking (yes) −2.67 −8.17 – 2.84 0.339

Occupation (Employed) 2.10 −2.43 – 6.63 0.359

Occupation (Retired) −1.331 −8.85 – 6.19 0.726

NB, the following reference categories were used: sex- female, age–>50 years, smoking-

no, occupation- unemployed.
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these characteristics (Supplementary Information, Table 2).
However, none of these differences were statistically significant
(Supplementary Information, Table 2).

Blood Pressure
There were no significant changes in blood pressure outcomes
based on demographic variables assessed. The median (IQR)
change in systolic and diastolic blood pressure was−6 (−14
to 6) and 0 (−8 to 6) mmHg, respectively (Supplementary
Information, Table 3, Supplementary Information, Figures 2, 3).

DISCUSSION

The findings of this intervention in severely obese individuals
suggest that the completion of the IWMP is associated with an
average (SD) weight loss of 20.5 (9.8) kg over 24 weeks. Sixty-
nine percent (n= 97) of the patients had lost 10% ormore of their
body weight. Sex and age were significant independent predictors
of weight loss, with men and those younger than age 50 achieving
significantly greater weight loss than their counterparts. The
significant weight loss associated with the IWMP shows the
potential of this programme to help severely obese patients. It
must remain clear that this programme must only be followed
under strict supervision of several healthcare providers working
as amultidisciplinary team, and it is not advised for individuals to
follow this regime on their own. As the number of severely obese
people increases, more programmes must be available to help
them lose weight to help avoid bariatric surgery or to optimize
patients before surgery, thus reducing deleterious health effects
of obesity.

Clinical Significance
The clinical effectiveness of the IWMP is demonstrated by the
substantial weight loss, which is greater than in some similar
weight management programmes, as described below. Although
not statistically significant, there was also a clinically appreciable
reduction in HbA1c at individual patient level. There was a
substantial drop in the need for bariatric surgery in relation to
the local referral guidelines. Although the absolute magnitude of
the reduction in systolic blood pressure was small and did not
reach statistical significance, there was an overall decrease in the
use of antihypertensive medications.

Many people in IWMP are on several medications, however
due to the nature of the data, there was no way to
quantify medication change in a consistent way. Experiences of
IWMP clinicians indicate an overall reduction in hypertension
medication. Since blood pressure remained unaffected despite
this reduction in medication, the lack of change may indicate
a positive outcome. Although not discussed due to the small
sample size, observation from IWMP clinicians indicate the
IWMP has been effective in controlling obstructive sleep apnoea
and to an extent hypercholesterolemia.

Comparison With Other Weight
Management Programmes
The Danish RCT, the CAROT study (16) (N = 192) found that
low energy diet (LED; 800–1,200 kcal/day) and very low energy
diet (VLED; <800 kcal/day) resulted in an average weight loss of

10.7 kg and 11.4 kg over 16 weeks, respectively which is a smaller
weight reduction than IWMP. The observed differences could be
explained by the differences in the baseline characteristics of the
patients (those in the CAROT were somewhat older [mean age
63 years] and leaner [mean (SD) for baseline weight was 103.2
(15.0) kg and for baseline BMI was 37.3 (4.8) kg/m2] compared
to the IWMP) (16). Furthermore, the different nature (i.e., dietary
content) and the duration of the interventions (16 weeks for the
CAROT vs. 24 weeks for the IWMP) could possibly account for
the observed differences in the weight loss (16).

A feasibility study (N = 91) in the primary care setting
in the UK (17) with similar baseline characteristics as the
IWMP reported a mean (SD) weight loss of 14.7 (10.8) kg
over the period of 12 months. The study used the same 3
phases as the IWMP (weight loss with low energy liquid diet
for 12 weeks, food reintroduction for 6–8 weeks and weight
maintenance until 12 months) but the intervention lasted for
one year.

Recently published results of the DiRECT trial (18) have
demonstrated that the primary care intervention comprising of
total diet replacement (825–853 kcal/day formula diet for 3–5
months), stepped food reintroduction (2–8 weeks), withdrawal
of antidiabetic and antihypertensive medications and structured
support for long-term weight loss maintenance was associated
with a remission to a non-diabetic state after 12 months among
obese adults with type 2 diabetes. This study indicates that
effective weight management interventions may be performed
in primary care thus translating the findings from the tertiary
centers to the community.

In a review of very low calorie or low-energy liquid-formula
diets in people with and without type 2 diabetes, all trials reported
weight loss for all participants, with our without diabetes (19).
In another review focused on people with diabetes, the mean
weight loss from the 17 studies was 13.2 kg (range 4.1–24 kg),
with the duration ranging from 5 days to 6 months (20). In
the STAMPEDE trial, Schauer et al, demonstrated that in obese
patients with type 2 diabetes, bariatric surgery plus intensive
medical therapy was more effective than medical therapy alone
(21).

Strengths and Limitations
The strengths of this study include the unique multidisciplinary
team approach with fortnightly follow-ups and support to
the patients with severe obesity. As this is a service-based
intervention, it is likely that the majority of the individuals
with severe obesity in the geographic region which the hospital
serves have been captured, thus increasing generalisability of
our findings. As this is a service based intervention it was not
possible to have a control group, thus there is no randomization
of participants.

As this programme is conducted in a clinical NHS setting
with a multi-faceted team over several years, there are
changing bariatric surgery criteria [lower BMI cut-offs for the
consideration of bariatric surgery, i.e., 35 kg/m2 in those with
diabetes or significant co-morbidities including hypertension, or
obstructive sleep apnoea (15)], as well as changes to staffing
and procedures. These are all limiting factors of data collection.
Some of the available data was not sufficient for analysis due
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to missing data or inconsistent entry, thus limiting sample size.
Further analysis may be conducted to examine the changes in
medications and psychological status, however this is currently
outside the remit of this study.

As with any participant intensive study, it is challenging to
determine how well participants followed the diet and physical
activity recommendations. The pre-determined commitment,
the fortnightly clinic visits, and diet and physical activity records
were all strategies used to measure adherence, however it is still
difficult to account for this factor. There is also no objective
measure of physical activity.

Although follow-up with participants was attempted at 3
months, there was a minimal response rate and thus follow-up
data is lacking. Beyond 3 months, there was no follow-up. Due to
this lack of follow-up, it was not possible to assess the potential
weight regain after post-intervention weight loss. Reviewing long
term weight loss maintenance is an important next step for
IWMP.

It is widely acknowledged that screening for various
psychological measures (including depression and anxiety, self-
esteem, eating behavior and attitudes, and quality of life) should
be used as part of weight management assessment. IWMP used
standardized and validated instruments (11, 22–25) to measure
each of these constructs. However, we did not include them in
this analysis due to missing data for a large proportion of the
participants.

As this is a small group of patients, it is difficult to have
studies with a large sample size. Data were collected to monitor
individual progress, and when viewed together the sample size
may appear small. For this reason, analysis focused on weight
change and a small number of secondary outcomes. Furthermore,
we identified only age and sex to be significant predictors of
weight loss thus limiting the multivariable analysis for other
factors considered to be possibly associated with weight loss.

CONCLUSION

The IWMP is a service designed for severely obese individuals
who have the ultimate goal of avoiding the need for bariatric

surgery or to optimize the patient before surgery. IWMP
patients lost an average (SD) of 20.5 (9.8) kg over the course
of an intensive 24-week programme. There was around a
50% reduction in the need for bariatric surgery. When used
appropriately under direct professional supervision, the IWMP
has the potential to significantly decrease weight of severely
obese individuals. Further research into the clinical effectiveness
of IWMP would include the addition of long term follow-up
to assess weight maintenance as well as measures of vascular
function and genotype to assess inter-individual difference in
physiological and clinical response to the IWMP intervention.
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