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Abstract

Background: Much effort has been devoted to defining healthy diets, which could lower the
burden of disease and provide targets for populations. However, these target diets are far
removed from current diets, so at best, the population is expected to move slowly along a

trajectory.

Objective: Our aim was to characterize the different possible trajectories toward a target diet
and identify the most efficient one for health in order to point out the first dietary changes

being the most urgent to implement.

Methods: Using graph theory, we have developed a new method to represent in a graph all
stepwise change trajectories toward a target healthy diet, with trajectories all avoiding risk of
nutrient deficiency. Then, we have identified and characterized the trajectory with the highest
value for long-term health. Observed male and female average diets are from the French
representative survey INCAS3, and target diets were set using multicriteria optimization. The
best trajectories were found using the Dijkstra algorithm with the Health risk criteria based on

epidemiological data.

Results: Within ~2.6M diets in the graphs, we found optimal trajectories that were rather
similar for males and females regarding the most efficient changes in the first phase of the
pathways. In particular, we found that a one-step increase in the consumption of whole/semi-
refined bread (60 g) was the first step in all healthiest trajectories. In males, the subsequent

decrease in red meat was immediately preceded by increases in legumes.

Conclusions: We show simple practical dietary changes that can be prioritized along an
integral pathway that is the most efficient overall for health when transiting toward a distant
healthy diet. We put forward a new method to analyze dietary strategy for public health

transition and highlight the first critical steps to prioritize.

Keywords: graph theory, trajectory optimization, diet optimization, goal programming, long-

term morbidity and mortality



29

30
31
32
33
34
35
36
37
38
39

40
41
42
43
44
45
46
47
48

49
50
51
52
53
54
55
56

57
58
59
60

Introduction

Epidemiological studies about the associations between food group consumption or nutrient
and chronic diseases have shown that inadequate diets, too poor in healthy foods/nutrients and
too rich in unhealthy foods/nutrients intakes are one of the major causes of disability-adjusted
life years (DALYs) worldwide (1). A dietary transition is required and has been advocated by
all international institutes (2,3). From a dietary viewpoint and based on the expected decrease
in the burden of chronic diseases, changes to western diets notably include lower intake of red
meat, sugar-sweetened beverages, and refined grains, and higher intakes of whole grains,
fruits and vegetables, nuts and seeds, and other healthy plant sources (4). At the nutrient level,
it implies lower intakes of sodium, sugar, and SFA and higher intake of PUFA, EPA+DHA,
and fiber (5).

Much effort has been devoted to defining healthy diets that make the final objective for
populations. Food pattern modeling has identified many healthy diets, notably using
optimization models (6,7). By construction, such diets are nutritionally adequate and
associated with a lower risk of chronic disease. Although often including limitations of the
distance to observed diet, to make feasible objectives, these target diets are much departed
from current diets. This can be explained partly by current western diets having nutritional
adequacy risks for several nutrients. Thus, modifying the diet to reach the adequacy level of
each nutrient and adherence to a healthy dietary pattern is indeed a profound modification of
the diet.

A sudden complete change of the diet is not attainable, particularly at the population level,
and at best, the population is expected to transition along a trajectory toward a target diet at a
rather slow pace (8,9). In reality, the trajectory of change that a population is starting should
greatly impact its nutritional health status and, thereby, the cost for society (10). However,
there has been little research to characterize such trajectories, particularly to identify those
most efficient for health during the long and gradual process toward the target diet. Yet, such
data are needed to specify the pathways of changes and point out the first steps within the

pathways that are likely to be the most critical and urgent to implement.

Showing the first steps to be taken is also probably an important lever to sustained changes.
Significant barriers to change are the lack of information (11) and the efforts needed to
change eating routines (12). For example, even if most of the population knows the dietary
guidelines, there are applied only by a small percentage (13). The very small changes toward
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healthy diets in the last years (14,15) call for revising strategies in public health nutrition.
Focusing on more precise and effective information may be one of the effective options to be
developed. However, for this purpose, we need more information about how small changes,
such as an increase or a decrease in portion size, must be coordinated and prioritized to make
the most efficient trajectory of changes. Such trajectories should be optimal for long-term
health (reducing, at best, the risk of chronic disease) along the trajectory, but also, it should
not include a diet with an increased risk of nutrient deficiency. Both the former and the later
points are crucial as changes at a population level are slow, and a transitory diet toward the
targeted one needs to be safe. Some of the population could stay with this diet for a long time.
For example, between 2006 and 2014 in France, daily meat consumption decreased by < 3g,
and daily vegetable consumption increased by <9g (14,15).

Many works have aimed to analyze dietary changes and transitions. Two types of methods
have been used to identify diet transitions. A first type of study used optimization under
constraint as a method. This method enables finding the best diets in the context of an
increasingly binding constraint. For example, this method has been used to find the best diets
while reducing meat intake (16). However, this method does not produce real trajectories but
a succession of milestones. Thus, the trajectory that would consist of going through all these
stages is not defined as the most efficient one overall. A second type of study used gradual
changes (17,18). According to an incremental algorithm, this method leads to the selection of
the best change that could be applied to a diet at each step, but this method is agnostic to the
overall trajectory. Accordingly, such trajectories include many local optimums and do not
reach any target diet. Thus, no methods have considered a series of simple changes and
analyzed complete transition pathways. Dissecting all possible changes in a distant dietary
transition requires a systematic approach with a conceptual framework and computer-
intensive methods. Here, we report on research that used a new method for analyzing diet
trajectories using the graph theory conceptualization. In this study, we identified and
characterized the best and safe trajectories toward a target diet using a graph theory and

highlight critical simple dietary changes to be prioritized.

Methods

1. Studied population and dietary data
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This study used data from the third individual and national study on food consumption survey
(INCA3) performed in France between 2014 and 2015 (19,20).

The participant selection process for this study involved a three-stage random sampling
design conducted by the National Institute of Statistics and Economic Studies (INSEE), based
on the 2011 annual population census. Ineligible individuals included those who were
institutionalized, those planning to move out of their homes within the next 2 months, and

those who were unable to be interviewed. Further description of the method is in (19).

Participants identified as under-reporters were excluded using the basal metabolic rate as
estimated by the Henry equation (21), using the cut-off values recommended by Black (22).
Older adults (above 54 years old for female and 64 years old for male (23)) were excluded as
their risk of long-term morbidity and mortality differed from younger adults, and we wanted
to keep a homogeneity in our population. The final sample contained 1125 adults

(Supplemental Figure 1).

Dietary data were collected by professional investigators assisted by dietary software from
three unplanned, non-consecutive, 24h dietary recalls spread over a three-week period (two
during the week and one at the weekend). Portion sizes were estimated using validated
photographs (19). The nutrient content values of the food were extracted from the 2016
database of the French Centre d’Information sur la Qualité des Aliments (CIQUAL) (24).
Mixed foods were broken down into ingredients and then gathered into 33 food groups. These
food groups were derived from the 45 food groups established by Dussiot et al. (6). The
"Fruits” group encompasses fresh fruit, dried fruits, and processed fruits. The "Whole meal
and semi-refined bread and bakery products™ group comprises whole grain and semi-refined
grain bread and bakery products. The "Other refined starches" group includes rice, pasta,
other starches, potatoes, and other tubers. The "Processed starch-based products” group
consists of starch-based products, sweet/fat processed products, and salt/fat processed starch
products. The "Red meat" group encompasses beef, veal, pork, and other meats, and offal.
The "Other fish" group includes other fish, mollusks, and crustaceans. The "Fresh dairy
products™ group includes fresh natural dairy products and fresh sweetened dairy products. The
"Animal fats and assimilated fats" group comprises animal fats, assimilated fats, butter, and
low-fat butter. The "Sugar-sweetened beverages, including fruit juices" group includes
sweetened soda-type drinks and fruit juices. The "Condiments" group encompasses

condiments, aromatic herbs, and spices except salt. For a detailed description of each food
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group, please refer to the Supplementary Material in Dussiot et al (6). The nutrient content of
each food group was calculated as the mean nutrient content of food items constituting the
group weighted by their mean intake, as previously described (6).

A sex-specific average diet was calculated using the data from the 564 males and the 561
females (Table 1) and used as the initial diet for defining the trajectories.

2. Target diet

The target diets were identified for each sex, according to a multi-criteria optimization
approach previously developed by our group (6,25). Using this approach, by construction,
target diets ensure adequate nutrient intakes and are found within current consumption limits
(5th and 95th percentiles), and they combine minimal long-term health risks and minimal
departure from the observed diet. The method is described in full in Supplemental method 1.
Target diets are described in Table 1.

3. Graphs theory and construction

A graph is a pair G = (N, E) of nodes (N) and edges (E) (26). In our model, nodes represent
daily consumed diets, and edges correspond to a modification of one portion step. If two

nodes are linked with an edge, it is possible to transition from one diet to the other.

As explained above, all foods consumed in the INCA3 survey have been classified into 33
food groups according to their nutritional characteristics. A node (diet) is thus a vector with
33 variables, one for each food group. To simplify the graph, the quantity eaten for each food

group was rounded to the number of portions of this group.

For each food group, we decided on portion size; it represents the food quantity of a mean
food portion eaten in INCA3. The portion sizes were based on the distribution of food
consumption and known portioned food. For example, yogurts are portioned in France and

weigh 125g. Therefore, this portion size was used for the group "fresh dairy product.”

We also adapted the portion sizes, so that food groups with a similar role in the dietary pattern
have the same portion size. For example, “poultry”” and “red meat” have the same portion

size. Supplemental Table 1 presents the portion size for each of the food groups.

4. Method of graph creation and use

Graphs were constructed from both the initial and objective diet nodes. All nodes were
created by proximity; this means adding nodes one portion step away from the previous one;
until the graph was connected. A connected graph is a graph with all nodes having a path to

6
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all other nodes of the graph. Then another extension was added to ensure the graph had no
bottleneck due to the way it was created. It was difficult to increase the graph size again as the
number of nodes in the graph, especially the one for male, was above a million nodes. In
order to reduce the number of nodes, constraints and limits were added during the extension

process. The nodes not following these constraints were not added to the graph.

Each node had to respect the following constraints. The number of steps of portion size for
each food group should be between 0 and the maximum step of portion size as observed in the
INCA3 population. The energy of the diet of the node should be between 80% and 120% of
the energy brought by the initial diet. The SecDiet of the node, a score of nutrient security
(27) (Supplemental Method 2), should be >99% of the SecDiet of the initial diet. The
percentage of macronutrients in each node should be between the minimum and maximum
macronutrient intake in the population. The following constraints were added based on French
dietary guidelines. In cases where the daily consumption of nuts falls below 40g or the
consumption of fruits and vegetables falls below 400g, it is considered below the minimum
threshold and cannot be further reduced. Similarly, if the consumption of processed meat
exceeds 150¢g or the consumption of red meat exceeds 5009 per day, it is considered above the

maximum threshold and cannot be further increased.

5. Trajectories analysis

The optimized trajectory was found using Dijkstra algorithm (28). The trajectories were
optimized to minimize the long-term health risk all along the trajectory using the Health Risk
(HR) criterion (Supplemental Method 1). The trajectory is thus optimized, so the sum of the

HR of all trajectory nodes reaches its minimum. Suboptimal trajectories were also identified.

The HR criterion was set to target the dietary recommendations from the GBD based on
epidemiological studies about the associations between the consumption of different food
groups and the risk of chronic diseases (1,29). HR represents the combined and normalized
distance to the theoretical minimum-risk exposure levels (TMREL) for three unhealthy food
groups (red meat, processed meat and sweetened beverages), six healthy food groups (whole
grain products, fruits, vegetables, legumes, nuts and seeds, and milk) food groups, four
healthy nutrients (fiber, calcium, EPA/DHA, PUFA) and one unhealthy nutrient (sodium),
weighted by the importance of reaching each TMREL value in terms of its relative impact on

DALYs in France. HR can range from 0 tol, from the situation where the diet meets all the
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TMREL values (minimum risk) to the situation where it is farthest from them (maximal risk).

A precise description of the HR criterion can be found in Supplemental Method 1.

The percentage of the Population Reference Intake for several nutrients was calculated to

describe the trajectories.

All methods were implemented on python 3.8.3 (30). The networkX package version 2.4 was
used to implement the graph and the Dijkstra algorithm (31). The community package version

0.15 was used to implement the Louvain algorithm (32).

Results

Table 2 presents the characteristics of the graphs for male and the ones for female. The
number of nodes between the initial and target nodes was 24 steps for male and 20 steps for
female. Due to this increased number of steps between the initial and target nodes, the graph
for male was bigger than for female. The mean number of degrees (i.e., edges per node)
representing the density of the graph was slightly higher for male than for female.
Supplemental Table 2 describe the lifestyle and sociodemographic characteristics of the
included participants and Supplemental Table 3 describe the daily energy and nutrient intake

of the sample.

Figure 1 describes the evolution of the health risk (HR) along the trajectory as a percentage
of the difference between the worst HR value (of the observed initial diet) and the best HR
value (which is that of the final target diet). As the trajectory was optimized to minimize the
health risk (HR), the first steps were the most HR-efficient, i.e. those with the highest HR
yield, which then progressively decreased with each step. The HR criteria decreased strongly

(around -80% of its initial, maximal value) in the first eight steps for both sexes.

Figure 2 and Figure 3 describe the optimal diet trajectory for male and female respectively.
For both male and female with quite distinct target diets, the first step, the most efficient one,
was the increase of whole and semi-refined bread, with an increase of one step for female to
reach the number of portions in their target diet and an increase of two steps for male (step 1
and step 2), which also reached the number of portions in their target diet.

After these first increases in whole and semi-refined bread, the fruit category was increased.
Fruits were increased for woman in step two and for male in step three. The increase in

vegetables occurred at step five for female and step seven for male. For male, between the

8
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increases in fruit and vegetable there was a substitution of red meat by legumes in three
successive steps (two increases in legumes followed by one decrease in red meat). After these
substitutions and increases, bread and refined bakery products were decreased for male. For
female, between the increases in fruit and vegetable were the milk increase and the bread and
refined bakery products decrease. Supplemental Figures 2 and 3 describe the nutrient intakes

along the steps of the trajectory.

For each sex, fifty suboptimal trajectories were analyzed and were found similar to the
optimal one for the first 17 steps for male and the first 12 steps for female (i.e., only the
following less HR-effective steps differed). Supplemental Figures 4 and 5 and Supplemental
Tables 4 and 5 describe the other choices available for the different steps of the trajectories.
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Figure 1 Decrease in the HR criterion along the diet trajectories from the observed average diet to the

set target diet of male (left panel) or female (right panel).

Changes in the HR criterion is shown as a percentage of the difference between the worst HR value (of

the observed initial diet) and the best HR value (which is that of the final target diet).
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Figure 2 Best trajectory identified in male based on the Health Risk Criterion, which uses estimates

from the Global Burden of Disease.
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239  Figure 3 Best trajectory identified in female based on the Health Risk Criterion, which uses estimates
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Table 1 Food group consumptions (g/d) by sex in the initial and target diets

Initial diet Target diet

Male Female Male Woman
Vegetables 176 160 400 368
Fruits 142 124 419 316
Nuts and seeds 3 2 11 13
Bread and
refined bakery 168 115 27 11
products
Whole meal and
semi-refined
bread and 11 15 99 60
bakery products
Other refined 177 121 193 139
starches
Other whole and
semi-refined 4 4 5 8
starches
Processed
starch-based 26 21 0 13
products
Legumes 13 6 86 19
Poultry 30 31 46 17
Red Meat 79 42 54 31
Processed meat 50 30 0 0
Qily fish 8 6 26 21
Other fish 27 19 1 24
Eggs and egg-
based dishes 14 14 11 12
Milk 84 75 190 126
Fresh dairy 81 81 )8 74
products
Sweet milky 19 16 0 6
desserts
Cheese 49 36 48 13
Animal fats and 11 10 4 0

assimilated fats

12
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Vegetable fats

rich in a-linoleic 0 0 16 5
acid
Vegetable fats
low in a-linoleic 12 10 15 4
acid
Sauces and fresh 35 32 35 100
creams
Sweet products 103 83 103 98
Drinking water 1007 929 878 1108
Sugar-sweetened
beverages, 221 208 0 75
including fruit
juices
Hot drinks 494 507 379 507
Salt 1 1 0 0
Condiments 6 4 13 5
Soups and 76 79 0 53
bouillons
Su!ostltutes for 3 5 59 58
animal products
Other foods 4 2 4
Alcoholic drinks 216 59 0
Table 2 Description of the graph and of the initial and target nodes
Sex Male Female
Number of nodes in the graph 2344 253 281 257
Number of nodes between the initial and target nodes 24 20
mean 18.1 15.7
SD 3.7 3.0
Number of neighbors per node
min 2 2
max 24 19

13
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Discussion

Using graph analysis as a new method applied to dietary transitions, we could identify and
characterize trajectories of dietary changes that are optimal for long-term health while

avoiding nutrient deficiency risk.

This work was based on the premise that identifying detailed trajectories could help decipher
the most important steps in a dietary transition, mainly by analyzing the pattern of changes
along the trajectory and highlighting the first steps being the most effective in mitigating
health risks. In this regard, our findings point out critical changes to transition toward a
healthy diet.

1. Trajectories analysis

Firstly, it is important to note that the graph generated for males is nearly ten times larger than
the one for females. This discrepancy is mostly related to the different number of steps
required to transition from the initial to the target diet. As the gap between observed and
target diets increases, the number of nodes in the graph expands exponentially. This high gap
is a result of the poorer quality of observed diet in males. However, despite this difference in
size, the graph structure remains similar, as the average number of neighbors per node

remains similar.

With the first six steps of the trajectories, males and females HR scores are already improved
by at least two third of the maximum improvement. It confirms that this method identifies
very efficient steps, especially in the first steps of the trajectories.

The first dietary change in all dietary trajectories was an increase in whole/semi-refined
bread. This result aligns with the importance of whole grains in health, as shown by the GBD
studies (1,33). In France, given that a diet low in whole grain is the highest dietary risk factor
in both males and females (34), it is not surprising that an increase in whole grain products is
the first step. The importance of the increase in whole grain is clearly shown by the presence
of two successive increases in whole bread in the first two steps of the trajectory in males.
When whole grains are concerned, attention should be paid to the residual pesticide levels
related to agricultural practices. Whole grains products are, on average, higher in pesticides
than refined grains products (35), which might be considered as potentially opposing the
benefits of whole and semi-refined bread. However, this potential drawback should not be
expected to call into question the final benefit of whole and semi-refined bread since, as

14
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accounted for in the GBD data, the DALYs gain is based on epidemiological data, with

consumption mostly coming from conventional agriculture (36).

Important steps in the dietary trajectory that we identified were increases in fruit and, to a
lesser extent, vegetables, which is again in line with the relative importance of fruit and
vegetables in the HR criteria. Importantly, these increases are early and that of fruit

immediately follows the increase in whole/semi-refined bread.

A decrease in red meat in the first phase of the trajectory was only found in male, at step #6,
despite the importance of red meat in the HR function. This result can be explained mainly by
the importance of the food groups being increased before, which are consumed in very small
amounts compared to the recommended value. It should be noted that red meat could have
been decreased at each of the first steps of the trajectories because it was not limited by a
constraint related to nutritional security. Thus, its reduction at step #6 only comes from the
optimization criteria. For females, no decrease was needed since the target diet was not very
low in red meat and, when expressed as portion steps, the initial and the target values had
similar amounts. On the other hand, since meat is dense in protein, bioavailable iron, and
vitamin B12 (37), it has often been proposed that reducing meat consumption may increase
the inadequacy of some nutrients. In a recent work, we showed that the critical nutrients when
decreasing meat in healthy diets are bioavailable iron, zinc, and vitamin A (16). However, we
found no increase in the risk of inadequacy for all those nutrients when reducing meat within
this trajectory (Supplemental Figure 2.N, 2.U and 2.A and Supplemental Figure 3.N, 3.U and
3.A). This is in line with previous studies showing that protein quantity is not an important
risk in the transition in western countries to a plant-based diet (38,39). The risk of insufficient
intake of vitamin B12 also appears to depend on the overall decrease in foods of animal origin

rather than meat in isolation (40).

Furthermore, as for other trajectory steps, decreasing red meat was done without increasing
the risk of deficiency since the graph was trimmed to avoid diets featuring any increase in the
risk of overt deficiency, as assessed using the SecDiet metric. It should be noted that for
female all along the trajectory and for male after step#18, bioavailable iron is under the
reference value (Supplemental Figure 3.N). However, the intake remains above the lower
threshold value ensuring <5% deficiency prevalence. Thus, iron-deficiency anemia in the

population would stay around today's level. We did not impose that the iron reference value

15
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was met during the trajectory and in the target diet. This choice was made as the current diet
does not meet this high reference value, in particular for female, and previous work has
demonstrated that the current value regarding bioavailable iron is over constraining when
intending to model healthier diets (6). It is striking that increases in legumes preceded the
decrease in red meat consumption. As we have previously discussed (41), this shows the
importance of the transition between animal to plant protein. The importance of legumes in
this pathway may mean that in diet changes consisting in lowering red meat consumption,
some pathways not featuring legumes are discarded because of nutritional risk; since legumes

are rich in nutrients that may be limiting in this case.

2. Nutrient-secured healthiest trajectories and possible implication for guidelines

In this respect, the trajectory we have identified is the result of a combination of the long-term
health value of the portioned changes, the position of the initial and target diets, and the strict
avoidance of pathways leading to diets that would be nutritionally unsecured. This latter
characteristic is particularly important because while the target diet is fully nutritionally
adequate, pathways of changes leading to that diet may include an increase in the risk of
nutrient deficiency. Therefore, not all changes were available at all steps and the optimization
consisted in choosing best choice at each step (Supplemental Figures 4 and 5 and
Supplemental Tables 4 and 5) to make the best trajectory overall, i.e. the most efficient for
health.

Our findings of critical steps within the best overall pathways toward a healthier diet may
have implications for more precise dietary guidelines. Pointing out simple changes to be
prioritized should be easier for the general audience and, therefore, may help food-based
dietary guidelines to be more effective. For instance, although increasing whole grain
products is included in dietary guidelines, it is not the recommendation that is the most
widely known and applied (42) compared to the well-known recommendation regarding fruit
and vegetables (13). Furthermore, pointing out a more precise change, such as here focusing
on whole-meal bread, should give more applicable advice while maintaining a strong
scientific rationale. Thus, prioritizing some dietary changes could change how public health
nutrition programs are put forward. For whole grain in general, and whole bread in
particular, which can be eaten similarly to white bread, the option may be even easier to
apply. In this regard, it should be conceded that because the graph-based method consists of a

series of increases/decreases, our results identify isolated increases in whole-meal bread, not
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swaps for white bread. However, an increase in one portion step of whole-meal bread consists
in adding 60g of whole-meal bread, and this change can be conceived and implemented apart
from a reduction in white bread. Furthermore, some directly successive changes might be
translated as swaps in the recommendations, provided it makes sense from a practical
viewpoint. We think it is the case for the decrease in red meat, which is immediately preceded
by two successive increases in legumes and can be easily operationalized as replacing 40g red
meat with 80g legumes. Of course, our results do not mean that these changes do not require a
large effort from the population. Indeed, in western countries, a large part of the population
does not know how to cook legumes (43), and culturally speaking, meat is still an important
part of the meal. Lastly, insisting on the diet changes that appear first in the identified
trajectories could stand as a rationale way to prioritize changes, while keeping those changes
integrated within a full trajectory. Defining ordered step-by-step changes could concur with

setting graded tasks, which is part of the behavioral changes techniques (44,45).

3. Graph analysis for identifying optimal dietary transition toward target diets

Graph analysis methods are well known for the analysis of road networks (14), social
networks (15), or protein structures (16). However, to our knowledge, it has never been used
to analyze diet transition. Other methodological approaches have been used to analyze diet
transitions. While optimization studies are often used to identify target diets that could back
food-based dietary guidelines (46), optimization has also been used to identify intermediate
diets. For example, we recently identified a series of diets with progressively proportionally
reduced amounts of meat (16) and this could be taken as showing a trajectory of change made
of intermediate diets towards the lowest level of meat possible. However, this approach is
different since it shows a series of healthy diets after forced scenarios of changes (here,
reduction in meat consumption) and not the best overall healthy pathway toward the final
target. These diets may not be part of the most efficient pathway. Furthermore, this serial
optimization method shows diets that are not directly connected at the finest level, i.e., they
are not demonstrated as being connected to one another with changes pathways with no
nutritional risks, and diets can be very far from each other. Few methods have considered
trajectories as a series of very fine level changes. Verger et al. (18) and De Gavelle et al. (17)
have used such an approach made by step-by-step changes at portion size level. However, this
method also has some limits. If a local optimum is reached, it is impossible to continue to a

better one. Also, the method finds the best next step at each point and not the best path
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overall. A lesser improvement at one step could unlock a diet path that is in fact much more

efficient overall.

In contrast, with the present graph-based method, we can optimize all along the trajectory,
i.e., find the best series of diets taken together considering their health value. Another central
advantage of the method is that we can apply any set of constraints on all nodes included in
the graph. Here, the dietary and nutritional constraints that we chose were embedded in the
graph, so they applied to all trajectories. For example, in all the graph during its construction,
the SecDiet could not be lower than that of the observed diet, and this precluded that the
identified trajectories could include a point diet with a nutritional security risk.

One major feature of this method is that it identifies a trajectory from the observed diet to a
target diet, but it requires that the target diet should be defined with another method. This
study used multicriteria optimization under constraints to define the target diet. Another
parametrization of the model (in particular for less conservative weighting of diet deviation)
or another method that would change the target diet may lead to a different graph and a
different optimal trajectory than the one we identified here. One of the limits of this method is
the restraint on the target diet in terms of the total distance from the observed diet because the
target diet should be close enough to the initial one, given the fine level of resolution of the
graph if the target is not close enough, its dimension will be too large. Being close enough
means having less than 25 number of portions steps (i.e., nodes) between the node
representing the observed diet and the node representing the target diet. Indeed, because of
how the graph is created and even with the constraints added during the construction, the
number of nodes in the graph is exponential to the number of portions steps between the
initial and target diets, and the graph for male is already composed of 2.3 million nodes. Thus,
if choosing a target diet that is farther from the initial diet, then the resolution of the
representation of the diet with the graph should be lower, which means choosing a lower
number of larger food groups or higher steps in portion sizes of each food. It should also be
noted that this methodological approach strongly depends on the optimization criteria. In this
study, the HR criteria we chose represent the diet proximity to reference values (TMREL) that
are those of the lower risk for chronic diseases, weighted by the attributable fraction of the
risk factor. Thus, optimizing this score aims to identify the trajectory that would lead to the
lower risk of long-term morbidity and mortality, therefore being the integral trajectory that is
the more efficient for long-term health. The improvement of health risk criteria along the

trajectory is not uniform, and the best trajectory that has been identified is the best overall,

18



408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

437
438
439
440

accounting together for the 14 components of the criteria and taking into account the whole
trajectory till the end. Therefore, some components that align less with the others in the
optimization may be only reduced in the second part of the trajectory and may even be
transiently deteriorated. This was the case for sodium. Reaching sodium reference value has
been found constraining in modelling studies (6), and changes within food categories, which
were not addressed here, are helpful to lower sodium intake (18,47). The advantage of the
method is to weight all components in the health criteria to find the overall best change for the
general population, but it may be less appropriate for some specific populations with different
risk factors. However, the method can be adapted to account for different criteria in a more
specific population. For instance, in people with hypertension, sodium intake could be the
optimization criteria either alone or combined with others. The method presented here is
indeed versatile, with the possibility to add constraints directly into the nodes of the graph. In
this example, a maximum level of sodium could be added if the goal is to identify trajectories
strictly avoiding transient increase in sodium intake. The same method can be used with other
target diets and optimization criteria. For example, another study could find optimal pathways
to adherence to the dietary guidelines or optimal pathways for reducing an environmental
pressure score or a combination of a nutritional and environmental score. This method could
also be used to identify individuals’ trajectories of diet transition. Indeed, the only change
necessary is the modification of the initial diet. Other changes, like adapting the target diet,
could also be made depending on the question. However, it should be noted that generating
graphs for each individual and identifying the optimal trajectories requires considerable
computational time and can, therefore, only be carried out for a restricted number of
individuals. Moreover, as they progress, the trajectories of different individuals will probably
rapidly converge to a similar path. Therefore, rather than at the individual level, a set of
trajectories may easily be drawn for subgroups of the population and give enough information
about the variability of the first steps according to the characteristics of these groups, such as
their initial dietary pattern, as identified in a population survey. Defining the individual
trajectory of a given individual to provide tailored information is also possible on this basis

but remains a very different field of application.

It should also be noted that this method does not include all the factors that need to be
taken into account if the results are to be readily translated into dietary recommendations.
Indeed, this work focuses on nutrition/health impact of diet trajectories and does not take

into account to what extent changes in the consumption of a food group are accessible to
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the people, depending on their characteristics. For example, the affordability, accessibility,
or individual preferences could be factors modifying the implementation of the changes that

we have identified here.

Moreover, this work only considered nutrient intake coming from food groups. In a
population with a high use of dietary supplement, it should be useful to identify whether
specific solutions could be found while considering nutrient intakes from supplements.
However, the percentage of individuals taking supplements in the study population was
relatively low (28.5%), and supplements were not taken regularly (48). Importantly, using of
supplements has been found to have no impact on the risk of insufficient intakes in the
population (49). The accessibility of supplements is not the same for all the population, and
supplements may be more beneficial in lower socioeconomic status individuals who eat
diets of lower quality and have higher risks of insufficient nutrient intakes (27). However, in
future studies, it could be interesting to evaluate what could be the effect of
supplementation on the trajectories and if better solutions could be found if an effective
supplementation strategy was set. Likewise, the effect of fortifying specific foods or food

staples may also be the subject of further studies.

One of the other advantages of this method is the possible use of multiple variables to
characterize the nodes (diets). These variables can be used as constraints to invalidate some
pathways. These variables can also be used to describe the trajectory with respect to other

dimensions of the diets.

Conclusion

Methods based on graph theory can be used to draw all possible nutrient-secure pathways of
changes to reach a reference diet and identify the detailed integral pathway that is optimal
overall for improving long-term health. Here, we could notably show that an increase in the
portion size of whole/semi-refined bread is a critical first step in this pathway before increases
in fruit and vegetables. It can show how small and realistic changes should be prioritized
while keeping with the final objective. Such analysis models may be useful for refining food-
based dietary guidelines on practical grounds.
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