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Abstract
Objective: The objective of this research is to propose methodology that can be
used to benchmark current diets based on their nutrient intakes and to provide
guidelines for improving less healthy diets in a way that is acceptable for the stud-
ied population.
Design: We discuss important limitations of current diet models that use optimisa-
tion techniques to design healthier and acceptable diets. We illustrate how data
envelopment analysis could be used to overcome such limitations, and we
describe mathematical models that can be used to calculate not only healthier
but also acceptable diets.
Setting:Weuseddata from theNutritionQuestionnaires plus dataset of habitual diets
of a general population of adult men and women in The Netherlands (n 1735).
Participants: Adult population.
Results:Wecalculated healthier diets with substantial higher intakes of protein, fibre,
Fe, Ca, K, Mg and vitamins, and substantially lower intakes of Na, saturated fats and
added sugars. The calculated diets are combinations of current diets of individuals
that belong to the same age/gender group and comprise of food item intakes in pro-
portions observed in the sample.
Conclusions: The proposed methodology enables the benchmarking of existing
diets and provides a framework for proposing healthier alternative diets that resem-
ble the current diet in terms of foods intake as much as possible.
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Rising incomes and urbanisation lead to global dietary
changes. Traditional diets are replaced by diets higher in
energy, refined sugars, saturated fats and meats. Such dietary
changes can increase the incidence of chronic diseases
(e.g. type II diabetes and CHD)(1). Replacing the current diets
with healthier alternatives will have substantial public health
and probably also environmental benefits(2,3).

Designing healthier diets is a rather complex process.
The variety and adequacy of nutrient intake of the various
subgroups of the population must be taken into account
while considering dietary preferences of individuals.

Diet models have been developed to deal with the com-
plexity of designing such alternative, healthier diets(4–6).
These models are used to determine the optimal quantities
of available food items that should be included in a diet of
an individual to optimise specific criteria (e.g. improve
healthiness or minimise cost) under specific nutritional
and acceptability constraints(4–6).

Combining quantities of different food items to optimise
a specific objective accounting only for nutritional con-
straints can result in optimal diets that are far from what
people actually eat. Probably, such diets will not be
accepted by individuals, which makes them less relevant.
For that reason, in diet models, acceptability constraints
and minimisation of the deviation from observed diets
(at population, sub-population or individual level) are
used to improve the acceptance of optimised diets(7).
Acceptability constraints have the form of upper and lower
limits to the intake of specific food items(5,7,8) and penalties
for deviations from current energy intake and serving
size(9). Defining acceptability constraints is a challenging
process that often involves expert knowledge and a sub-
stantial degree of subjectivity. Similarly, minimising
deviation of the calculated diet from an observed diet
involves the implicit assumption that food items which
are not consumed currently are also not preferred.
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In the current study, to avoid defining such acceptability
constraints explicitly and imposing additional implicit
assumptions, instead of trying to compose new diets from
available food items, we look within the existing diets of a
certain population and identify the most healthy ones.
These current ‘healthier’ diets are used as benchmark for
the diets of other individuals in the population with less
healthy diets. Benchmarking current diets instead of com-
posing new diets from existing food items is definitely a
novel viewpoint in diet modelling that can result in calcu-
lated diets that are not only healthier but also acceptable
alternatives for the population under study.

A commonly used benchmarking technique in opera-
tions research literature is data envelopment analysis
(DEA)(10). DEA has been used in many fields like banking,
health care, agricultural economics, transportation and
education(11–15). In general, the aim of DEA is to identify
decision-making units that convert inputs (i.e. less-is-better
criteria) into outputs (i.e. more-is-better criteria) in themost
efficient way. Within the DEA context, the diet of an
individual is seen as a decision-making unit that can be
evaluated based on the intake of multiple less-is-better
‘unhealthy’ nutrients and more-is-better ‘healthy’ nutrients.
Despite the broad variety of applications of DEA, it has not
been used to benchmark healthier diets.

The objective of this research is to propose a DEA-based
framework that can be used to benchmark current diets
based on their nutrient intakes and to provide guidelines
for improving less healthy diets in a way that is acceptable
by the studied population.

Methods

In this section, first we present the main structure of existing
diet models and we discuss important limitations and

challenges. We use an illustrative example to present DEA
as a novel approach for benchmarking and re-designing
healthier diets. Finally, we use this simple example to pro-
pose a mathematical programming model that enables to
account for acceptability considerations in diet modelling.

Diet models for designing healthier diets
Existing diet models are often mathematical programming
models that aim to compose an alternative optimal diet for a
specific individual or group of individuals(9). A schematic
representation of a mathematical programming model that
focuses on optimising diets is presented in Fig. 1a.

The main components of mathematical programming diet
models are (i) the decision variables (qi 8 i 2 1 . . . nð Þ)
which are the quantities of available food items i that should
be included in the calculated diet in order to achieve a specific
objective, (ii) the objective functionwhich is an indicator to be
optimised expressed as a function of the decision variables
(e.g. the objective function could be the minimisation of
the cost or the CO2 emissions of the diet; or even the minimi-
sation of the differences between food intakes of an observed
and a calculated diet), (iii) the nutritional constraints that are
used to either impose the dietary guidelines to the calculated
diet (through hard constraints) or to calculate deviations
between nutrient (and food) intakes of the calculated diet
and the dietary guidelines through soft constraints (i.e. con-
straints that can be violated but violation of these constraints
is associated with a penalty in the objective function which
is minimised) and (iv) the acceptability constraints which
aim to facilitate acceptance of the diet by imposing restrictions
on food item quantities following current consumption pat-
terns. Without acceptability constraints, the calculated diet
might comprise of food items that do not necessarily form
a realistic diet.

Defining acceptability constraints is often based on
expert knowledge and information on current meals.

Cultural acceptability and food habits
1 ... n

q1 q2 qn

Nutrient constraints

Acceptability constraints 

Calculated diet: 
combination of food items

Set of food items
...

l1 l2 lm

Nutritional benchmarking (DEA) 

Calculated diet:
combination of existing diets

Set of current diets

m12

(a) (b)

2

MP model: optimizingdiets DEA: benchmarkingdiets

Fig. 1 (colour online) Schematic representation of the differences between current mathematical programming (MP) diet models,
which focus on optimising diets by deciding on optimal intakes of available food items, and the proposed benchmarking approach,
which focuses on identifying efficient current diets and combines them to healthier alternatives
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This restricts the set of feasible diets in an arbitrary and sub-
jective way which introduces an important level of bias to
the optimal food item intakes of the calculated diet.

To avoid formulating explicit acceptability constraints
and imposing the current diet as a reference, we propose an
alternative diet optimisation method based on nutritional
benchmarking. Nutritional benchmarking is defined as the
comparison of diets based on their nutrient (and/or food
item) intakes. The objective is to identify for each individual
that belongs to the same population group combinations of
current diets that are healthier or at least as healthy as the cur-
rent diet. The proposed method is summarised in Fig. 1b.
Because the new calculated diet is a combination of other
current diets, acceptability considerations are taken into
account implicitly. The resulting diet is not amix of individual
food items but a mix of food items that either have been
chosen together in meals or have been declared in dietary
surveys by individuals in the sample. The diets that are used
to compose all diets of the population under study are iden-
tified based on nutritional benchmarking and DEA(10).

DEA with a simple example
This section illustrates the basic concepts of DEA based on
a simple two-dimensional example. DEA aims to compare
decision-making units based on their capacity to convert
multiple inputs intomultiple outputs(10). In the specific case
of a diet problem, the decision-making units are individual
diets and outputs are the more-is-better nutrients like vita-
mins, fibre and protein, while inputs are the less-is-better
nutrients like saturated fat and Na. The objective is to iden-
tify those diets that have a higher ratio of more-is-better
nutrients content per unit of less-is-better nutrient.

To demonstrate the method graphically, we assume that
diets are evaluated based only on two nutrients that is,
dietary fibre (as the more-is-better nutrient) and Na (as
the less-is-better nutrient). Figure 2 involves six individual

diets with the same energy intakes labelled with letters
(A, B, C, D, E and F) and their performance with respect
to dietary fibre and Na content (e.g. diet C contains 60 units
of dietary fibre and 20 units of Na).

DEA aims to compare each diet with all other diets in the
sample and identify those that are efficient that is, those
diets that for a certain level of less-is-better nutrients con-
tain the highest (compared to all others) level of more-
is-better nutrients or those that for a certain level of
more-is-better nutrients contain the lowest level of less-
is-better nutrients. From Fig. 2, it is visible that diets B, C
andD are DEA-efficient because for their intake of Na there
is no linear combination of all other diets with higher or the
same intake of fibre. The line segments BC and CD are
called the DEA-efficient frontier. The DEA model assigns
to DEA-efficient diets an efficiency score of 1. It is assumed
that all other (inefficient) diets can be projected to
the efficient frontier and either increase more-is-better
nutrients for the same amount of less-is-better nutrients,
that is, output-oriented DEA model (OO DEA) or decrease
the amount of less-is-better nutrients for the same level of
more-is-better nutrients, that is, input-oriented DEA model
(IO DEA). All inefficient diets (i.e. diets A, E and F) receive
an efficiency score of< 1. The efficiency score can be inter-
preted as the distance to the efficient frontier. The lower the
efficiency score of a certain diet, the larger the distance of
the diet to the efficient frontier.

In our illustrative example of Fig. 2, diet A is not efficient
because it can be replaced by diet B which has the same Na
content but higher dietary fibre content. Diet E is inefficient
because it can be replaced by diet D which has a lower Na
content for the same dietary fibre content. Finally, diet F is
inefficient because by combining diet B and C we create a
new diet on the efficient frontier that is, diet Fi that has the
same dietary fibre level for substantially less Na (IO DEA
model). In the IO DEA model, diets B and C are called
the peers of diet F. Similarly, diet F can be replaced by diet
Fo and increase level of dietary fibre for the same level of fat
(OODEAmodel). In the OODEAmodel, the peers of diet F
are diets C and D.

In practice, the healthiness of a diet is determined by
more than one more-is-better nutrient and more than
one less-is-better nutrient, which makes an informative
graphical representation of the problem impossible. To
deal with the multi-dimensionality of the problem and
benchmark current diets, we solve a sequence of linear
programming models, that is, the IO DEA and the OO
DEAmodels presented in online Appendix A. The decision
variables of the DEAmodels are the proportion of each diet
of the sample in the calculated diet, and the objective func-
tion is an efficiency score that represents the distance of the
evaluated diet from the efficient frontier. The orientation of
the DEAmodel (IO DEA or OODEA) determines the direc-
tion of measuring the distance to the efficient frontier. The
result of the optimisation is a set of healthier diets which are
combinations of other diets that belong to the same group.
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Fig. 2 (colour online) A two-dimensional illustrative example of
data envelopment analysis for benchmarking diets
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This enables to account for acceptability of the diets with-
out imposing additional acceptability constraints or mini-
mising the deviation from the observed diet. In the next
step, we identify the healthier diet that minimises the
deviation from the current food item intakes.

Minimising deviation from current food intake
(MINDV model)
The IO DEA and OO DEA models identify the subset of
diets that are DEA-efficient. For each inefficient diet, an
alternative healthier diet is calculated as a linear combina-
tion of its peers. The new ‘efficient’ and healthier alternative
is identified byminimising the distance to the DEA-efficient
frontier. For example, for diet F, a new diet F i is calculated
that is healthier (less Na for the same dietary fibre level).
However, the new healthier diet (F i) might include food
items completely different than the current diet. Using
DEA to compare and benchmark diets that belong to the
same subgroup (i.e. comparison between similar peers)
can reduce this problem.

Actually, all linear combinations of the efficient diets
within the shaded area F iFFoC of Fig. 2 are healthier alter-
natives of the current diet F because they contain less Na
and more dietary fibre than the current diet F. In line with
existing diet optimisationmodels(7), we assume that the will-
ingness of an individual to accept an alternative healthier
diet increases with the resemblance (in terms of food item
intakes) of this alternative healthier diet with the current diet
of this individual. Therefore, within the set of healthier diets
of the shaded area F iFFoC, we search for the diet that is most
similar to the current diet in terms of food item intakes.

For this reason, we propose minimum deviation
(MINDV) model, which combines the efficient diets, iden-
tified with the DEA models and calculate for each individ-
ual an alternative healthier diet which resembles as much
as possible, in terms of food item intakes, the current diet. It
is important to emphasise that similar to the DEA models
the MINDV model combines existing diets instead of indi-
vidual food items (current practice in diet optimisation).
Because of this, the calculated diets are as close as possible
to the current diet, but they also comprise of food item
intakes in proportions that match current diets of individ-
uals within the same group. To achieve this, we minimise
the total absolute deviation between the food item intakes
of the healthier alternative diet and the food item intakes of
the current diet. We make sure that, compared to the cur-
rent diet, the healthier alternative diets have lower or equal
intakes of less-is-better nutrient and more or equal intakes
of more-is-better nutrients. The mathematical formulation
of the MINDV model is presented in online Appendix B.

Case study: designing alternative healthier diets
in The Netherlands
To demonstrate how DEA can be used to benchmark diets
and calculate alternative healthier diets, we used data from

the Nutrition Questionnaires plus dataset of habitual diets
of a general population of adult men and women in The
Netherlands(16). Habitual diet was assessed by means of
a FFQ from which the intake of foods and nutrients was
calculated.

To make diets comparable, we defined six groups of
individuals: (F1) females 20–40 years of age (n 206), (F2)
females 41–50 years of age (n 203), (F3) females > 50 years
of age (n 425), (M1) males 20–40 years of age (n 121), (M2)
males 41–50 years of age (n 155) and (M3)males> 50 years
of age (n 625).

The nutrient and food intakes of the diets are standar-
dised to a diet of 8368 kJ (i.e. 2000 kcal). For example to
normalise the nutrient and food intakes of a diet of
12 552 kJ (i.e. 3000 kcal), we multiplied average nutrient
and food intakes of this diet with a factor of 23. In the current
study, for assessing the healthiness of a diet, we used the
nine encouraged and the three discouraged nutrients used
to calculate the Nutrient Rich Diet (9.3) index(17,18). The
nine more-is-better nutrients are protein, fibre, Ca, Fe,
Mg, K and vitamins A, D and E. The three less-is-better
nutrients are Na, saturated fat and added sugars. Na intake
was estimated from foods only, ignoring discretionary salt
use during cooking and dining.

We defined sufficient levels of intake for all nutrients
included in Nutrient Rich Diet 9.3 based on dietary refer-
ence intakes for Europe(19) and the USA(20). The sufficient
levels for more-is-better nutrients that we chose to use in
our model would be adequate to meet the nutrient
requirements of 97·5 % of adult individuals in the popula-
tion. The sufficient daily intake of protein was assumed to
be 75 g, of Ca 1200 mg, of Fe 18 g, of Mg 420 mg, of K
4700 mg, of vitamin A 750 retinol equivalents (RE), of vita-
min C 110 mg and of vitamin E 15 mg. We considered that
increasing intakes above that sufficient level is of less
importance, and thus improving the intakes of the other
nutrients becomes a priority. Therefore, we capped
nutrients at the sufficient intake level in the DEA model.
However, we did not cap the intakes of dietary fibre
assuming that more is better. For less-is-better nutrients,
the lowest possible intake level was considered desirable.
The mean and SD of nutrient intakes of selected nutrients,
per group of individuals, are presented in Table 1.

DEA was used to benchmark diets that belong to the
same of the six consumer groups, that is, we only compared
diets that belong to the same consumer group. We used
both the IO DEA and the OO DEA models to identify the
efficient diets. The MINDV model was used to combine
DEA-efficient diets and compose for each current diet a
new alternative diet that is healthier than the current diet
but at the same time as similar as possible to the food group
item (based on the Dutch food composition table(21))
intakes, expressed in percentage of the diet’s mass of the
current diet.

Furthermore, to quantify the importance of DEA-
efficient diets, we calculated the frequency that each
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DEA-efficient diet is used as peer of inefficient diets using
the following equation (1):

FRQk ¼ 100

P
ljl 6¼k �

�
l;kP

l;q �
�
l;q

% 8 k (1)

where FRQk is the frequency (%) of the efficient diet k as a
peer, and ��

l;k is the weight (value from 0 to 1) of diet
k in the efficient alternative of diet l.

Results

In this section, we present the results and main outputs of
the proposedDEA-based frameworkwhichwas applied on
the Nutrition Questionnaires plus dataset(16). The variables
of the Nutrition Questionnaires plus dataset which are used
in the current study are summarised in Table 1.

We present the potential improvements on the nutrient
intakes of the diets calculated with the three different
models, and we present the corresponding changes in
terms of food item intakes. We analyse the peers, which
are the DEA-efficient diets that have been combined to
design alternative healthier diets.

The potential to decrease less-is-better nutrients or
increase more-is-better nutrients by replacing current diets
with healthier alternatives as calculated by the IO DEA, OO
DEA and MINDV models is presented in Fig. 3.

The alternative diets calculated by the different models
result in substantial improvements. All models resulted in
alternative diets with lower levels of less-is-better nutrients
and higher levels of more-is-better nutrients for all six con-
sumer groups. Exception is the intake of vitamin A in the
alternative diets of older females (group F3) which
decreases marginally. The reason for this decrease is

related to the capping of the intakes of more-is-better
nutrients to their optimal levels and the high intakes of
vitamin A in current diets. The vitamin A intake of the alter-
native healthier diets exceeds the optimal level (i.e. intake
used for capping) of vitamin A, but it is, on average, lower
than the intakes of the current diets.

As expected, the MINDV model results in the smallest
improvements. The MINDV model aims to calculate diets
that are as close as possible to current diets as long as they
have at least the same level of more-is-better nutrients and
at most the same level of less-is-better nutrients with the
current diet. The results of all models show that the largest
improvement can be achieved in diets of younger females
and males (i.e. group of individuals F1 and M1).

To assess the nutrient adequacy of the calculated diets,
we calculated the deviations of important nutrient intakes
from dietary recommendations. All threemodels resulted in
calculated improved diets with intakes of protein, vitamin A
and vitamin Cmuch higher than the intake which is consid-
ered adequate to meet the nutrient requirements of 97·5 %
of adult individuals in the population (Fig. 4). The calcu-
lated diets, even though they comprise higher intakes of
Fe than the observed diets, do not reach the dietary-specific
requirements of Fe (Fig. 4). For some groups, the intakes of
vitamin E, K and Ca are higher than the observed diets but
still below the recommendations.

The proposed alternative healthier diets can be further
analysed to the level of intakes of specific food items.
The food group item intake expressed as a percentage of
the total intake (in g) of the observed diets, and the diets
calculated with the IO DEA, OO DEA and MINDV models
are presented in Fig. 5.We present result as a percentage of
the total intake to enable for comparisons of the changes
between the food items. The mass of the calculated diets
might be different than the observed diets, but the energy

Table 1 Used Nutrition Questionnaires plus variables per gender-age group of individuals

Pr (>F)

Female groups Male groups

F1 F2 F3 M1 M2 M3

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age (years) 0·000 32 6 46 3 59 5 33 5 47 3 61 5
BMI (kg/m2) 0·000 25 5 25 5 26 4 25 3 26 4 27 3
Total energy intake (kJ/d) 0·000 7979 1749 7602 1753 7272 1615 9950 2648 9506 2402 8673 2247

Standardised nutrient intakes to a 8368 kJ (i.e. 2000 kcal) diet
Protein (g/d) 0·091 77 15 79 16 81 13 78 14 77 13 80 13
Dietary fibre (g/d) 0·000 23 7 23 7 23 6 21 6 21 6 21 6
Ca (mg/d) 0·000 928 296 1010 304 1080 306 857 281 860 319 921 283
Fe (mg/d) 0·000 11 3 12 2 12 3 10 2 11 2 11 2
Mg (mg/d) 0·007 338 79 367 67 375 62 339 68 341 61 348 62
K (mg/d) 0·033 3095 726 3339 662 3554 647 2934 747 3128 581 3231 651
Vitamin A (RE/d) 0·760 920 728 995 707 995 581 852 678 792 451 973 576
Vitamin C (mg/d) 0·000 104 65 103 50 115 60 70 45 81 48 83 48
Vitamin E (mg/d 0·000 12 5 11 4 11 4 10 4 10 3 10 4
Added sugars (g/d) 0·000 58 28 56 23 47 18 55 23 52 22 47 19
Saturated fat (g/d) 0·564 29 7 29 6 29 7 29 7 29 6 29 6
Na (mg/d) 0·230 2455 566 2403 620 2400 573 2533 617 2451 627 2463 550

The P values of pairwise t test comparisons between the groups of individuals are presented in online Appendix C.
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intake of the diets is constant and equal to 8368 kJ
(i.e. 2000 kcal).

In general, compared to the current diets, the alternative
healthier diets calculated with the three models contain
higher intakes of fruits and vegetables. Calculated healthier
diets of younger males contain higher intakes of potatoes,
milk and dairy, while healthier diets of females include lower
intakes of potatoes and higher intakes of eggs. The quantities

of fish increase in the improved diets of all groups except
from those of younger males and females. This is because
of the lower quantities of fish in current diets of younger indi-
viduals and different types of dishes. As expected, the most
similar to the current diets in terms of food group item intakes
are the diets calculated with the MINDV model.

Healthier diets also contain lower intakes of bread; nuts
and snacks; fats and oils; soups, pastry and cakes; and
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Fig. 3 Difference between efficient and observed nutrient intakes as calculated with the (a) input-oriented data envelopment analysis
(DEA), (b) output-oriented DEA and (c) MINDV models. , F1; , F2; , F3; , M1; , M2; , M3
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sugar/sweets. Decrease of intakes of bread and the nuts,
seed and snacks groups is not in line with existing dietary
guidelines that recommend the increase of nuts, seeds and
whole wheat bread. To investigate this contradiction
between model’s results and dietary recommendations,
we investigated the diet composition of the nuts, seed
and snacks group. Figures 6 and 7 represent the average
food item intake of the nuts, seeds and snacks food item
group for females and males, respectively. In general
and in line with the current dietary recommendations cal-
culated, diets recommend decreased quantities of snacks

but increased quantities of unsalted nuts and food items
with high content of unsaturated (healthy) fats.

Identifying alternative diets that are important for
improving the current diets of the population as a whole
can provide valuable information to researchers and policy
makers for designing healthier diets. To quantify the impor-
tance of an efficient diet, we used as indicator the
frequency of this diet as a peer for other inefficient diets
(Fig. 8). Benchmarked diets with higher frequency scores
(calculated according to eq. 1) can provide guidelines for
defining nutritional and policy goals.
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The highest frequency score (calculated according to
eq. 1) in all three models is achieved by the most frequent
peer of the M1 group. The food group intakes of this diet
are presented in Fig. 9. This diet comprises larger shares
of fruits and vegetables and lower intakes of meat, dairy
products and bread compared to the average diet of the
same consumer group.

Discussion and concluding remarks

The proposed DEA-based algorithm enables the identifica-
tion of existing healthier diets and provides a framework for
quantification of potential improvement of the current
diets. The advantage of the method, compared to existing
diet models, is that the calculated diets are combinations of
actual diets of peers. Because of this, the calculated diets
are closer to the actual diets of the individuals that belong
to the same group without the need to specify explicitly
acceptability or other meal-related constraints.

Only as a next step, we demonstrated how the MINDV
model can be used to identify for each current diet a
healthier alternative diet that is as close as possible to the
food item intakes of the current diet. In contrast to other
diet optimisation models(7) that also minimise deviations
between the food item intakes of the calculated and the
observed diet, the MINDV model combines whole DEA-
efficient diets instead of individual food items. The main
decision variable of the MINDV model is the weight of a
DEA-efficient diet in the calculated diet. This ensures that
the proportions of food item intakes of the calculated diet
are observed in the diets of others in the same group. In
existing diet optimisation models that also minimise devia-
tions between the food item intakes of the calculated and
observed diets, the decision variables are the intakes of
available food items. This implies that the food item intakes
can be chosen in any proportion. In most cases where the
current diet does not meet specific nutrient requirements
(or for any reason the current diet cannot be reproduced),
then the quantities of food items in the calculated diet are
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Fig. 7 Detailed average intake of food items that belong to the nuts, seeds and snack group for male consumer of the dataset. ,
Current diet; , diet calculated with input-oriented data envelopment analysis (DEA) model; , diet calculated with output-oriented
DEA model; , diet calculated with MINDV model
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deviating from the current diet. In these cases, the calcu-
lated diet will not comprise necessarily of food items in
proportions of actual diets unless acceptability constraints
are added explicitly. The proposed DEA-based approach
that we present in this manuscript extracts these constraints
from the diets of (other) individuals that belong to the same
group in an objective, transparent and reproducible way,
which is a clear added value of the proposed method.

Similar to the combination of DEA-efficient diets calcu-
lated with the MINDV model, other combinations of the
DEA-efficient diets can be used to identify healthier alter-
native diets that, instead of maximising acceptance, maxi-
mise environmental performance or minimise total cost.
The resulting diets which maximise the environmental

performance or minimise the cost of the diet will be also
combinations of DEA-efficient diets and not combinations
of unrelated available food items. Consequently, they will
reflect the current cultural food habits and preferences.
Because of these, the proposed method is an advanced
decision support tool that can be used to address questions
related to the quest for designing sustainable, healthy
affordable and reliable diets(9).

As mentioned, the proposed diet modelling approach
calculates diets as linear combinations of other observed
diets. As a result, if the method is applied in datasets where
unhealthy diets dominate, the calculated diets will be
nutritionally improved but not necessarily nutritionally
adequate (i.e. meeting all nutrient requirements). This was
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also shownbyour case study for somenutrients (e.g. Fe) and
groups of individuals. Of course, if nutritionally adequate
diets are observed within the sample of benchmarked diets,
these diets will become peers of other less healthy diets and
the calculated diets will be also adequate from a nutritional
point of view. Applying this method continuously over time
can result gradually to diets that meet all dietary require-
ments. This is different than current diet optimisation mod-
els, where often nutritional adequacy of the calculated diets
can be imposed by using hard constraints. With these mod-
els, a target diet is calculated, but it remains a question if such
calculated nutritionally adequate diets will be acceptable by
a population where such diets have not been chosen.

The proposed DEA-based approach can also be used to
evaluate scenarios in future studies. Addressingwhat-if ques-
tions related to changes in prices or technologies or policies
would be quite straightforward. New combinations of the
benchmarked diets will be calculated for different scenarios.
For example, a price change scenario of one or more food
items can be evaluated by comparing the calculated diet
for the current and future sets of prices. Assessing scenarios
that involve new food items or dietswill require to pre-design
diets with different levels of the evaluated food items. The
‘healthiness’of thesehypothetical diets can thenbe evaluated
using the proposed DEA-based approach.

The proposed method can exploit efficiently existing
empirical datasets of the average nutrient intakes of
individuals. It results in calculated diets that are linear com-
binations of other existing healthier diets. This can improve

the potential for acceptance. In the case study presented in
this manuscript, we aim mainly to demonstrate the pro-
posed method, and for that reason we chose age and gen-
der as the main grouping variables of the population. It has
been shown that socio-economic factors such as age and
gender explain food intakes of populations across
Europe(22). Moreover, such grouping resulted in adequate
numbers of observations in all groups. Adding additional
grouping variables like socio-economic status and physical
activity will result in quite homogeneous groups. The cal-
culated diets with the proposed DEA method will still
include higher intakes ofmore-is-better nutrients and lower
intakes of less-is-better nutrients than the current diets, and
they will have a fair chance of adoption. However, the
improvement of the calculated diets will be more modest
(not enough variation and space to optimise) compared
to the current application of the model. Moreover, larger
datasets would be required to ensure enough observations
per group. On the contrary, applying the DEA method to
the whole population (i.e. no sub-grouping) will result in
much larger improvements, but the improved diets will be
the result of combining diets from different age/gender
groups which might decrease the acceptance rate. Because
of this trade-off between magnitude of improvement and
homogeneity of the groups, the choice of grouping variables
should be research question and case specific. Sensitivity
analysis on the impact of grouping variables can provide
interesting quantitative evidence about the importance of
certain grouping variables to the potential improvements.

The nutrients and food items that should be included in
the evaluation of the quality of a diet are an open debate in
the field of health and nutrition. The focus of this manu-
script is to propose a new concept for diet modelling based
on benchmarking of existing diets instead of composing
diets from available food items. To avoid entering the
discussion on which nutrients must be included in such
a model, we decided to use the nutrients included in
Nutrient Rich Diet 9.3 (without additions or exclusions),
which has been commonly used to evaluate quality of diets
in the field of public health and nutrition(18). The set of
nutrients included in the DEA models allows to tailor the
results of the analysis to the specific context of the applica-
tion (i.e. type of disease, geographical region, etc.).
However, the proposed method and the concepts intro-
duced in this manuscript would remain the same. Adding
additional nutrients in the DEA models would result in a
larger set of efficient diets and consequently less potential
improvement at group level. A selection of important
nutrients (instead of using all available nutrients) is
required to allow for substantial level of improvement.
However, similar to the rationale of selecting specific
nutrients in diet quality indices (e.g. food habits, available
foods and type of disease), the justification of the nutrients
that are used in DEA applications should also be provided.

The main dataset used in the current study includes infor-
mation from FFQ and theDutch food composition tables.We
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used the Nutrition Questionnaires plus dataset(16) which is
specific for The Netherlands. However, similar datasets are
available in many other European Union countries(23). We
do not use any additional dataset or expert knowledge to
define acceptability constraints. This enables applications
of the method to larger geographical scales (like the
European Union) which is an important advantage of the
proposed method. We clustered the individual diets in six
groups, and we applied the model within each of these
groups. Even though the numbers of observations per group
are higher thanDEA applications in other fields of science(10),
a larger sample size per group would enable a better repre-
sentation of the variability within the population. This would
imply even more possibilities for improvement in the calcu-
lated diets. Moreover, additional recalls per individual would
enable a better representation of current diets and would
make possible the estimation of CI around the observed
intakes. This would allow the application of extensions of
the basicDEAmodels to account for uncertainty and improve
the robustness of the analysis(24). Such information would
also be beneficial for themajority of diet optimisationmodels
which are currently by nature deterministic.

An important underlying assumption of DEA models is
that data should be positive numbers. In the context of diet
modelling, this will imply that diets with 0 intake of certain
nutrients cannot be evaluated. This was not a problem in
our dataset, but in case where some diets have zero intake
of certain nutrient, data transformations can be applied(25,26).

In the current study, we capped the intakes of more-is-
better nutrients to their sufficient level to account for an
upper bound on the comparisons between diets. By capping,
we impose that increasing nutrient intakes above the suffi-
cient levels (i.e. RDAs) is of less importance than increasing
the intake of the nutrients that are not yet at their RDA levels.
This approach is valid for cases where intake above a certain
level is not necessarily better but it is also not harmful. In cases
where higher intakes would be harmful, existing extensions
of the basic DEA models should be used(27).

The outputs of the models provide specific guidelines
for the appropriate food item intake that will result in a
healthier alternative diet. At the same time, acceptance
(or environmental or economic) considerations can be
taken into account by identifying combinations of existing
healthier diets that optimise specific indicators (e.g.
deviation from the current diet). Such quantitative analysis
can be used to evaluate ex-ante environmental and nutri-
tion/public health-related policies at population or even
higher (e.g. European Union) level.
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