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Introduction

Plant-based meat substitutes are products that aim to mimic the appearance and use of meat products and are seeing strong commercial development [START_REF] Boukid | Plant-based meat analogues: from niche to mainstream[END_REF][START_REF] Choudhury | Commercialization of Plant-Based Meat Alternatives[END_REF]. These products are considered as a good way to replace meat in a dish without disrupting the meal pattern [START_REF] Schösler | Can we cut out the meat of the dish? Constructing consumer-oriented pathways towards meat substitution[END_REF] so they could assist in the transition towards more plant-based diets that are being advocated for health and environmental reasons [START_REF] Willett | Food in the Anthropocene: the EAT-Lancet Commission on healthy diets from sustainable food systems[END_REF][START_REF] Clark | Multiple health and environmental impacts of foods[END_REF]. Indeed, as well as their considerable environmental impacts [START_REF] Notarnicola | Environmental impacts of food consumption in Europe[END_REF][START_REF] Crippa | Food systems are responsible for a third of global anthropogenic GHG emissions[END_REF][START_REF] Gerber | Tackling climate change through livestock: a global assessment of emissions and mitigation opportunities[END_REF], current dietary patterns in western countries are not healthy, favoring the development of non-communicable diseases [START_REF] Afshin | Health effects of dietary risks in 195 countries, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017[END_REF]. In this context, modeling studies have been used to identify healthier dietary patterns that could assist in defining food-based dietary guidelines [START_REF]Scientific Report of the 2020 Dietary Guidelines Advisory Committee: Advisory Report to the Secretary of Agriculture and the Secretary of Health and Human Services[END_REF][START_REF]A modelling system to inform the revision of the Australian guide to healhy eating[END_REF]. For instance, the most recent French dietary guidelines are based on an optimization method for modeling dietary patterns that could favor long-term health, based on epidemiological relationships between the consumption of different food groups and the risk of noncommunicable diseases [START_REF]Actualisation des repères du PNNS : révision des repères de consommations alimentaires[END_REF][START_REF] Mariotti | Perspective: Modeling Healthy Eating Patterns for Food-Based Dietary Guidelines-Scientific Concepts, Methodological Processes, Limitations, and Lessons[END_REF][START_REF]Actualisation des repères du PNNS : étude des relations entre consommation de groupes d'aliments et risque de maladies chroniques non transmissibles[END_REF]. As with many dietary guidelines, consuming plant-based foods (vegetables, fruits, whole-grain products, legumes) is to be encouraged while consuming sweet and salty foods, red meat and processed meat should be reduced [12 ,15,16].

However, the potential role for plant-based meat substitutes in modeling healthy diets has rarely been considered [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF]. Indeed, there are concerns whether plant-based substitutes could be part of a healthy diet, as their impacts on health have been little studied and many appear to be ultra-processed [START_REF] Hu | Can Plant-Based Meat Alternatives Be Part of a Healthy and Sustainable Diet?[END_REF][START_REF] Wickramasinghe | The shift to plant-based diets: are we missing the point?[END_REF]. Furthermore, their nutritional composition and impacts on diet may vary depending on the type of meat substituted (red meat and/or poultry) and of the type of substitute and ingredients used [START_REF] Fresán | Meat Analogs from Different Protein Sources: A Comparison of Their Sustainability and Nutritional Content[END_REF][START_REF] Salomé | Substituting Meat or Dairy Products with Plant-Based Substitutes Has Small and Heterogeneous Effects on Diet Quality and Nutrient Security: A Simulation Study in French Adults (INCA3)[END_REF]. Plant-based meat substitutes generally contain low amounts of total and saturated fats and high amounts of fiber when compared to meat, but they may also contain high amounts of sodium [START_REF] Fresán | Meat Analogs from Different Protein Sources: A Comparison of Their Sustainability and Nutritional Content[END_REF][START_REF] Curtain | Plant-Based Meat Substitutes in the Flexitarian Age: An Audit of Products on Supermarket Shelves[END_REF], while the meat products they are intended to replace are important contributors of indispensable nutrients such as iron and zinc [START_REF] Cocking | The role of meat in the European diet: current state of knowledge on dietary recommendations, intakes and contribution to energy and nutrient intakes and status[END_REF][START_REF] Phillips | Commonly consumed protein foods contribute to nutrient intake, diet quality, and nutrient adequacy[END_REF].

The objective of this study was therefore to investigate whether plant-based meat substitutes could be a potential nutritional lever to support healthier dietary patterns, by effectively replacing meat while maintaining a diet close to the observed one regarding other food groups. We explored the degree to which the availability of plant-based meat substitutes in the food repertoire could be useful when modeling healthy eating patterns, and whether this would depend on the nutrient composition of the meat substitute.

To achieve this, we used multi-criteria optimization to identify modeled diets that would be nutritionally adequate and healthier while remaining close to observed diets, according to a series of scenarios where two distinct meat substitutes with or without theoretical fortification in iron and zinc, were made available into the food repertoire to potentially replace meat and also possibly other food groups. The first meat substitute corresponded to an average substitute having the average nutrient composition of meat substitutes available on the market, while the second meat substitute was a substitute for which the recipe has been previously optimized in terms of its nutrient content [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF]. This mainly pulse-based substitute was made from minimally processed ingredients and designed to maximize the diet quality (as assessed using the PANDiet score) when replacing meat, under technological and nutritional constraints to ensure formulation feasibility and nutrient security, respectively [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF].

Methods

Input of dietary data

The data used for this study were extracted from the French Individual and National Study on Food Consumption Survey 3 (INCA3) conducted in 2014-2015. The INCA3 survey is the most recent representative cross-sectional survey of the French population and its method and design have been fully described elsewhere [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF]. Men aged 18-64y (n=564) and women aged 18-54y (n=561), not identified as under-reporters as previously described [START_REF] Henry | Basal metabolic rate studies in humans: measurement and development of new equations[END_REF][START_REF] Black | Critical evaluation of energy intake using the Goldberg cut-off for energy intake:basal metabolic rate. A practical guide to its calculation, use and limitations[END_REF], were included in the present study; the final sample contained 1125 adults.

Dietary data were collected by professional interviewers assisted by a dietary software from three (two weekdays and one weekend day) unplanned, non-consecutive, 24h dietary recalls spread over a 3-week period. Portion sizes were estimated using validated photographs [START_REF] Dubuisson | The Third French Individual and National Food Consumption (INCA3) Survey 2014-2015: method, design and participation rate in the framework of a European harmonization process[END_REF] and the nutrient contents of different food items came from the 2016 food composition database operated by the French Information Centre on Food Quality (CIQUAL) [START_REF]ANSES-CIQUAL French food composition table version[END_REF]. Mixed foods were broken down into ingredients and then gathered into 45 food groups (Supplemental Table 1), by using a food grouping with an appropriately high level of detail for modeling healthier, more plant-based diets as in a previous study by our group [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF]. For each sex, the nutrient content of each food group was calculated as the mean nutrient content of food items constituting the food group weighted by their mean intake by the sex considered, as previously described [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF].

Multi-criteria optimization of the diet under constraints

We used a multi-objective, non-linear mathematical optimization program to identify the modeled diet (i.e., the modeled consumptions of the 45 food groups) with a maximal health profile and minimal deviation from the observed diet (taking account of cultural acceptability and inertia), under constraints that would ensure adequate nutrient intakes and remain within current consumption limits. In this context, we investigated the relative value of introducing different plant-based meat substitutes into the food repertoire. Each modeled diet was characterized by the optimized consumptions of the 45 food groups plus that of the meat substitute(s) added to the food repertoire.

Optimization was performed using the OPTMODEL procedure of SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA.). Optimization was implemented at the population level but in men and women separately, because of their differences in nutritional requirements and observed consumptions. The optimized diets of men and women were then gathered to derive optimized diets for the overall population by weighting each population by its relative distribution in the study population.

Objective function

The optimization procedure consisted in maximizing the health profile of the modeled diet (Healthy Dietary Pattern criterion, HDP) while minimizing its deviation from the current diet (Diet Departure criterion, DD), as previously described [START_REF] Mariotti | Perspective: Modeling Healthy Eating Patterns for Food-Based Dietary Guidelines-Scientific Concepts, Methodological Processes, Limitations, and Lessons[END_REF][START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF].

The HDP criterion set as its objective dietary recommendations based on epidemiological studies that had assessed associations between the consumption of different food groups and the risk of chronic diseases [START_REF]Actualisation des repères du PNNS : étude des relations entre consommation de groupes d'aliments et risque de maladies chroniques non transmissibles[END_REF][START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF]. Its aim was thus to limit the consumption of red meat, processed meat and sweetened beverages while promoting the consumption of whole cereal products, vegetables and fruits, in accordance with current French recommendations [START_REF]Actualisation des repères du PNNS : révision des repères de consommations alimentaires[END_REF]. HDP was thus expressed and maximized as:

Max 𝐻𝐻𝐻𝐻𝐻𝐻 = � 3 𝑖𝑖=1 � Opt(i) P95(i) � -� 3 j=1 � Opt(j) Max(j) �
Where i denotes the food groups to be increased (vegetables, fruits and whole cereal products), j denotes the food groups to be decreased (red meat, processed meat and sweetened beverages), Opt(i) and Opt(j) are the optimized consumptions of food groups i and j, respectively (in g/d), P95(i) is the current 95 th percentile of consumption of food group i (in g/d) and Max(j) is the upper limit of consumption of food group j (in g/d). This latter value was of 71, 25 and 263 g/d respectively for red meat, processed meat and sweetened beverages, as defined by the French Agency for Food, Environmental and Occupational Health & Safety (ANSES) [START_REF] Mariotti | Perspective: Modeling Healthy Eating Patterns for Food-Based Dietary Guidelines-Scientific Concepts, Methodological Processes, Limitations, and Lessons[END_REF].

The DD criterion was designed to minimize deviation from the observed diet in order to account for dietary cultural acceptability and inertia. It was defined as the sum of the squares of the differences between observed and optimized food group consumptions standardized by their observed standard deviations [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF]. DD was thus expressed and minimized as:

Min 𝐻𝐻𝐻𝐻 = � 𝑛𝑛 𝑘𝑘=1 � Obs(k) -Opt(k) SD(k) � 2
Where k is the number of food groups, Obs(k) and Opt(k) are respectively the observed and optimized consumptions of food group k (in g/d) and SD(k) is the current standard deviation of the consumption of food group k. Some food groups were however considered to be easily interchangeable because they are usually consumed in the same way: this concerned the intra-category substitutions within fruits groups (fresh/dry/processed fruits), bread groups (refined/whole grains), other starches groups (refined/whole grains), vegetable fats groups (low/high in alpha-linolenic acid), sweetened beverages groups (sodas/fruits juices), fish groups (fat/lean fishes), fresh dairy products groups (natural/sweetened) and soups/bouillon groups. Most meat groups (beef and veal/pork and other meats/poultry) were also considered to be substitutable between each other and with plant-based meat substitutes, based on the rationale that these products are designed to replace meat in a meal [START_REF] Schösler | Can we cut out the meat of the dish? Constructing consumer-oriented pathways towards meat substitution[END_REF]. In the DD criterion, the food groups within each easily substitutable category were grouped together so that only variations in their sums (and not their individual variations) would be considered, and that such intra-category substitutions were allowed without cost.

Finally, the optimization procedure consisted in minimizing a whole objective function combining the two objective criteria: min Obj = min (DD -HDP) in order to both minimize DD and maximize HDP.

Constraints

Nutritional constraints were applied during optimization to ensure adequate nutrient intakes in the men and women populations (Supplemental Table 2). These constraints were based on the most recent reference values from ANSES [START_REF]AVIS de l'Anses relatif à « Actualisation des références nutritionnelles françaises en vitamines et minéraux[END_REF]. Because the absorption of iron and zinc is dependent on dietary factors, the requirements were based on bioavailable iron and zinc calculated from the dietary intake using equations that predict their absorption (notably taking into account the limiting effect of phytate) [START_REF] Hallberg | Prediction of dietary iron absorption: an algorithm for calculating absorption and bioavailability of dietary iron[END_REF][START_REF] Armah | A Complete Diet-Based Algorithm for Predicting Nonheme Iron Absorption in Adults[END_REF][START_REF] Miller | A Mathematical Model of Zinc Absorption in Humans As a Function of Dietary Zinc and Phytate[END_REF][START_REF]Scientific Opinion on Dietary Reference Values for zinc[END_REF], as detailed in a previous study by our group [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF]. Previous work had demonstrated that current recommendations regarding bioavailable iron and zinc are very constraining when trying to model healthier diet, but that allowing more flexibility would increase the prevalence of iron deficiency [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF]. Therefore, in this work, nutritional constraints for bioavailable iron and zinc were based on current intakes so as to avoid any increase in the prevalence of iron and zinc deficiency in the modeled diets. A sensitivity analysis was nevertheless conducted, by comparing the results obtained when using the current recommendations versus the current intakes as lower bounds for bioavailable iron and zinc (Supplemental Method 1).

Dietary constraints were applied to the food groups included in the HDP criterion for which the consumption needed to be limited: red meat intake (beef and veal/pork and other meats/offal) was limited at 71g/d, processed meat intake at 25g/d and sweetened beverages intake (sodas/fruits juices) at 263 mg/d (corresponding to the average portion size) [START_REF] Mariotti | Perspective: Modeling Healthy Eating Patterns for Food-Based Dietary Guidelines-Scientific Concepts, Methodological Processes, Limitations, and Lessons[END_REF]. Acceptability constraints were also applied to keep the food group intakes within the range of observed intakes, by bounding each food group intake between its 5 th and 95 th percentile of observed consumption in men and women separately (Supplemental Table 3), with the exception of food groups for which a dietary constraint with an upper limit was already defined (red meat, processed meat and sweetened beverages). In addition, most food groups that were considered to be easily substitutable in the DD criterion were grouped together for the acceptability constraints. Additional constraints were also applied to restrict the introduction of meat substitutes so that the total intake of meat and meat substitutes would not exceed the 99 th percentile of the initial meat consumption (Supplemental Table 3).

Plant-based meat substitutes in modeling scenarios

In order to study the potential of plant-based meat substitutes to model healthier diets, two types of plant-based meat substitute, which were not initially consumed in the observed diets, were made available for addition to the food repertoire of men and women during the diet optimization procedure. In the observed diets, the "Substitutes of animal products" food group denoted both the meat and dairy substitutes initially consumed. In the modeled diets , the intake of this group was kept constant and equal to its low observed value (<5g/d), in order not to interfere with the newly made available substitutes being tested. As explained above, beef and veal, pork and other meat and poultry groups could be replaced with meat substitutes without cost in the DD criterion.

The first substitute was an average meat substitute that corresponded to the mean nutrient composition of 43 plant-based meat substitutes (Supplemental Table 4), the detailed nutrient compositions of which were extracted from French databases [START_REF]ANSES-CIQUAL French food composition table version[END_REF][START_REF]ANSES-CIQUAL French food composition table version[END_REF][START_REF]Table de composition des aliments de l'étude NutriNet-Santé (NutriNet-Santé Study Food Composition Database[END_REF]. The second substitute was an optimized meat substitute whose ingredients had previously been optimized to improve the diet quality of French adults when replacing meat products with this substitute [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF]. Its ingredient composition is shown in Table 1. The nutrient compositions of the average and optimized meat substitutes are shown in Table 2.

We also tested the same meat substitutes after their theoretical fortification in zinc and iron to reach 30% or 50% of the Nutrient Reference Values (NRVs) [START_REF]Regulation (EU) No 1169/2011 of the European Parliament and of the Council of 25 October 2011 on the provision of food information to consumers[END_REF]. The value of 30% was chosen because it is the minimum value required for the nutrition claim 'High in' and 'increased in'. The value of 50% was selected as a significantly higher value than 30%

that would yet not exceed commonly used levels in the field of fortification. Without fortification, the average and optimized substitutes initially contained 2.4 and 4.4 mg/100g of iron and 1.4 and 2.4 mg/100g of zinc, respectively (total content and not bioavailable content). With fortification at 30% of the NRVs, the average and optimized substitutes contained 4.2 and 4.4mg/100g of iron, respectively (because the optimized substitute already contained more than 30% of the iron NRV) and both contained 3 mg/100g of zinc.

With fortification at 50% of the NRVs, both substitutes contained 7 mg/100g of iron and 5 mg/100g of zinc.

Two different options regarding the introduction of meat substitutes were investigated: the average substitute only could be introduced into the food repertoire (AS scenarios) or both the average and optimized substitutes could be introduced, at different proportions (OS scenarios). These two options were implemented with or without the two levels of substitute fortification, thus producing a total of six modeling scenarios. We therefore identified modeled diets involving possible introduction of the average substitute that was non-fortified (AS) and fortified with zinc and iron at 30% (AS-30%) and 50% (AS-50%) of the NRVs, and modeled diets involving the possible introduction of both substitutes, either non-fortified (OS) and fortified for zinc and iron at 30% (OS-30%) and 50% (OS-50%) of the NRVs.

Analysis of the relative influence of nutritional constraints and food group contributions to limiting nutrients

The dual values associated with each constraint during optimization represent what would be the potential gain in objective function in case of a one-unit relaxation in the limiting bound (lower or upper) of the considered constraint. In order to compare the relative influence of the nutritional constraints on modeled diets, all constraints were standardized by the value of their limiting bound. This resulted in standardized dual values reflecting the potential gain in objective function if the limiting bound was relaxed by 100%, and enabled classification of the nutritional constraints from the most limiting (highest absolute standardized dual value) to the least limiting (lowest value, close or equal to zero), as previously explained [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF].

For the most limiting nutrients in the different modeled diets (i.e. nutrients with the most limiting constraints) we studied the contributions of different food groups to that nutrient intake in each modeled diet of all scenarios.

Results

Modeled diets including non-fortified plant-based meat substitutes

By construction, compared to the observed diets, all the modeled diets were both nutrientadequate (because the nutritional constraints ensured adequate intakes for all nutrients, except for bioavailable iron and zinc for which levels were only constrained to be greater or equal to current intakes) and healthier (because of the optimization of the HDP criterion based on food group consumptions). Without iron and zinc fortification, when only the average meat substitute was made available into the repertoire (scenario AS), it was virtually not introduced into the diet (1g/d); when both substitutes could be introduced into the repertoire (scenario OS), only the optimized meat substitute was introduced into the diet, in substantial quantities (90g/d) (Figure 1). Compared to the observed diet, both scenarios led to healthier dietary patterns with more vegetables, fruits and whole grain products and less refined grain products, processed meats and sweetened beverages.

There was also a higher intake of seafood, dairy products, eggs, potatoes and vegetable fat and a lower intake of animal fat (Supplemental Table 5). The HDP gain (defined as the difference in HDP values between the modeled and observed diets) was similar under both scenarios (2.6 with AS and 2.4 with OS) but the DD was lower under the OS scenario (2.3) than the AS scenario (3.9), meaning a higher similarity with the observed diet for the OS scenario (Figure 2).

In terms of meat consumption (Figure 3), under the AS scenario that hardly introduced the average meat substitute, the consumption of poultry doubled (+97%) and that of red meat remained unchanged compared to the observed diet. In contrast, under the OS scenario that significantly integrated the optimized substitute, poultry was entirely removed and red meat was moderately reduced (-20%). Furthermore, under both scenarios, there were considerable disparities regarding the different types of red meat:

offal systematically increased markedly (respectively +180% and +160% under the AS and OS scenarios) and beef and veal consumption increased moderately (respectively +39% and +11%) while that of pork and other meats were entirely removed (Supplemental Table 6).

There were also some differences in meat pattern consumptions between sexes (Supplemental Table 6). In men, red meat decreased similarly under both scenarios (-10%) to reach its upper limit (71g/d) without going below, processed meat was removed and poultry increased under the AS scenario (+203%) but was removed in the OS scenario. In women, red meat increased under the AS scenario (+17%) but decreased under the OS scenario (-38%); poultry remained stable under the AS scenario but was removed in the OS scenario, and processed meat decreased under both scenarios (-73%

under AS and -53% under OS). Both the HDP gain and DD values were higher in men than in women (Supplemental Table 7).

Influence of iron and zinc fortification on modeled diet composition and HDP and DD values Iron and zinc fortification (at 30 or 50% of the NRV) led to a higher introduction of meat substitutes in dietary patterns (Figure 1). While the average meat substitute was hardly introduced into the AS scenario, it reached 62g/d under the AS-30% scenario and 69g/d under the AS-50% scenario. However, it was never introduced into diets when both substitutes were available in the repertoire because the optimized meat substitute was always preferred and introduced in quantities that increased in line with its fortification level (106g/d under the OS-30% scenario and 115g/d under the OS-50% scenario).

Introducing fortified meat substitutes led to greater reductions in meat intake, especially with the optimized meat substitute (Figure 3). Reductions in red meat consumption ranged from -19% and -56% under AS-30% and AS-50%, respectively, to -43% and -91% under OS-30% and OS-50%, respectively. While pork and other meats were always removed and offal increased, a reduction in beef and veal was only seen under the AS-50%, OS-30% and OS-50% scenarios. Processed meat was reduced but not entirely removed (-83% to -91%) and the reduction in poultry ranged from -72% to -100% (Supplemental Table 6). Red meat reductions were generally higher in women than in men but offal increased more in women, while processed meat persisted in women but not in men.

Changes to other food groups in the modeled diets were similar to scenarios with nonfortified substitutes.

Introducing fortified meat substitutes increased the HDP gain while slightly decreasing the DD (Figure 2). The HDP gain was however slightly more important and the DD always largely lower with the optimized meat substitute than with the average meat substitute (Supplemental Table 7).

For sensitivity analysis, we tested an alternative optimization procedure where the nutritional constraints on bioavailable iron and zinc were based on recommended intakes rather than observed intakes (Supplemental Tables 8 and9). In this case, the reduction in red meat was much lower and only effective under the AS-50% and OS-50% scenarios.

This was especially marked in women with "high" iron requirements (20% of women, see Supplemental Method 1) where red meat intake systematically increased to reach its upper limit (71g/d). For other women with "low-to-medium" iron requirements, red meat intake also increased, except under the OS-50% scenario. For men, modeled changes to meat intake were quite similar but less marked when using recommended intakes rather than observed levels of bioavailable iron and zinc as nutritional constraints.

Identification of limiting nutritional constraints in the different optimization scenarios

The nutritional constraints identified as limiting were those that prevented the identification of healthier but acceptable dietary solutions. The limiting nutrients thus identified were sources of conflicts between nutrient adequacy and the health value of the dietary pattern.

Whatever the scenario, the most limiting nutritional constraints in both men and women were for bioavailable zinc, sodium, saturated fatty acids and vitamin A (Supplemental Table 7). Some nutritional constraints were more limiting in women than in men (iodine and sugars excluding lactose). The constraint on bioavailable iron was not limiting, but its influence could be revealed by relaxing the zinc constraint (Supplemental Table 7).

Indeed, the constraints on bioavailable zinc and iron worked together by involving similar dietary changes, and the constraint on bioavailable zinc was so predominant that it masked the influence of the bioavailable iron constraint. The constraint on bioavailable zinc was more limiting in men than in women and the constraint was less limiting when meat substitutes were fortified at 50% of the NRV in iron and zinc. The constraint on sodium was more limiting in scenarios involving the average meat substitute, and constraints on fiber, ALA and vitamin B6 were only limiting under these scenarios.

Contributions of food groups to nutrient intakes under different optimization scenarios

We investigated the contribution of each food group to the intake of the most limiting nutrients (i.e. nutrients with the most limiting constraints) and of the nutrients where meat (red meat, poultry and processed meat) and/or meat substitute contributed significantly (>10% of nutrient intake in the observed diet or a modeled diet) (Supplemental Figure 1).

In the observed diets, meat was an important contributor to bioavailable iron (43%), bioavailable zinc (39%), vitamin B6 (27%) and vitamin A (23%) intakes. Meat substitutes gradually replaced the contribution of meat to bioavailable iron and zinc intakes according to the degree of their fortification. The optimized meat substitute was also effective in compensating for the contribution of meat to vitamin B6 intake. However, meat substitutes were not able to compensate for the important contribution of processed meat to vitamin A intake, and this compensation tended to be achieved by an increase in offal under all scenarios. The contribution of meat to linoleic acid (LA) intakes in observed diets (15%) was completely compensated for in modeled diets by meat substitutes (which became important contributors, at between 17% and 25%). For sodium and saturated fatty acids, where the observed intakes were above upper levels and needed to be lowered in the modeled diets, meat substitutes contributed little to intakes, except for the average meat substitute which made a substantial contribution to sodium intake (~13-14%).

Finally, meat did not contribute to intakes of ALA, vitamin C and fiber in observed diets, but meat substitutes became important contributors of these nutrients as they were introduced into the diet. In particular, the optimized meat substitute added substantial quantities of ALA, fiber and vitamin C to the modeled diets (with contributions of 43%, 36% and 20%, respectively, under the OS-50% scenario).

Discussion

In this diet optimization study, we have shown that plant-based meat substitutes could offer good nutritional levers for the design of nutrient-adequate and healthier dietary patterns if they have been formulated to convey the relevant nutrients and are fortified with iron and zinc. We have indeed shown that the average meat substitute currently available is ineffective in rearranging the diet in order to improve its quality, whereas a nutritionally-designed meat substitute [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF] could largely be used as a lever for healthier patterns. Fortifying any substitute with iron and zinc increased its usefulness as a nutritional lever.

As we aimed to explore the nutritional usefulness of plant-based substitutes in a general way covering distinct alternative uses, various dietary changes were allowed, within a food category (such as partial to total replacement of any type of meat with plant-based meat substitutes) and also between food categories, even though the latter were hindered by the search for a healthier dietary pattern that would remain close to current eating habits.

Without fortification, the average meat substitute was not introduced to a significant degree in the modeled diet, showing that it had a nutrient composition insufficient to act as a nutritional lever. Fortification with iron and zinc enabled its introduction, along with important reductions in red meat, processed meat and poultry intakes. Overall, our findings are in line with those of Mertens et al. who reported that theoretical fortifications in iron and certain vitamins (B1, B2, B3 and B12) led to larger quantities of meat substitutes and smaller quantities of meat in modeled diets compared to those involving non-fortified meat substitutes [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF]. In contrast however, in our different scenarios, group B vitamins were generally not identified as nutrients of concern (except for vitamin B6 and B12, to a lower extent, in some scenarios in women), because sufficient intakes were provided by higher than observed consumptions of fish and dairy products. In addition to the low iron and zinc content of the average meat substitute, introduction of the average substitute may have been limited by its relatively high sodium content, sodium intake was initially excessive in the observed diets. High amounts of sodium in plant-based meat substitutes have been highlighted [START_REF] Curtain | Plant-Based Meat Substitutes in the Flexitarian Age: An Audit of Products on Supermarket Shelves[END_REF], and in view of the detrimental effects of excessive sodium intake [START_REF] Afshin | Health effects of dietary risks in 195 countries, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017[END_REF], a reduction in the sodium content of plant-based meat substitutes is critical to their nutritional value.

Under scenarios where both substitutes were added to the repertoire, the optimized meat substitute was always more useful to build healthier diets, even when fortifications led to the same amounts of iron and zinc in the average and optimized substitutes. Indeed, when compared to the average meat substitute, the optimized meat substitute was introduced in higher quantities, along with a much higher reduction in red meat intake. This meat substitute had previously been optimized to improve global nutrient adequacy, containing ingredients rich in nutrients that are currently insufficiently consumed [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF]. In this regard, it is not surprising that it proved to be useful when modeling healthier diets, but it ultimately contrasted dramatically with the average available market substitute.

Like its low sodium content, the high contents in iron and zinc (before fortification) of the optimized meat substitute were of considerable value. The nutritional requirements for bioavailable zinc and the sodium intake limit were indeed the most limiting constraints which had the greatest impact on the composition of the modeled diets, whatever the scenario. Another advantage of the optimized substitute was its higher content in fiber and ALA, the intake of which was also identified as limiting when using the average meat substitute.

Interestingly, with both the optimized meat substitute and the average meat substitute, iron and zinc fortifications were necessary to elicit a substantial reduction in or near elimination of red meat. Iron and zinc absorptions are generally lower with plant-based than animal-based foods, particularly because the amount of phytate is a very limiting factor regarding their absorption. This hampers the use of plant-based products to compensate for these nutrients that are largely provided by animal products [START_REF] Hunt | Bioavailability of iron, zinc, and other trace minerals from vegetarian diets[END_REF][START_REF] Van Vliet | Plant-Based Meats, Human Health, and Climate Change[END_REF].

Fortification in iron and zinc does indeed appear necessary to level the nutritional composition of beef, but not poultry, when modeling meat substitutes [START_REF] Van Mierlo | A model for composing meat replacers: Reducing the environmental impact of our food consumption pattern while retaining its nutritional value[END_REF].

In addition, we found that introducing the consumption of meat substitutes did not result in consistent changes to meat consumption across meat types. While pork, poultry and processed meat were readily reduced, or even removed, a reduction in beef required the fortification of meat substitutes. By contrast, the consumption of offal increased under all scenarios (up to ~7 g/d in general), starting from a very low observed intake (3 g/d) while remaining at a level considered acceptable at the population level (far below 25 g/d, the 95 th percentile of observed consumption). Offal is very rich in nutrients [START_REF] Williams | Nutritional composition of red meat[END_REF] and we can assume that while the optimization procedure drives towards a reduction in total red meat, some preference is given to the most nutrient-dense subcategory within red meat.

One important finding of this study was that although contents in zinc and iron were critical characteristics of a meat substitute to favor meat reduction, the composition in other nutrients was also important when modeling healthy dietary patterns. Indeed, one advantage of plant-based meat substitutes is that they can contribute to an intake of nutrients other than those provided by meat, although the nutritional composition of plantbased meat substitutes varies markedly depending on their ingredients [START_REF] Fresán | Meat Analogs from Different Protein Sources: A Comparison of Their Sustainability and Nutritional Content[END_REF][START_REF] Bohrer | An investigation of the formulation and nutritional composition of modern meat analogue products[END_REF]. When formulating meat substitutes, the choice of ingredients may tend to be driven more by a willingness to reproduce the appearance and taste of meat [START_REF] Boukid | Plant-based meat analogues: from niche to mainstream[END_REF][START_REF] Kyriakopoulou | Plant-Based Meat Analogues[END_REF], as this is an important element in consumer acceptance [START_REF] Weinrich | Opportunities for the Adoption of Health-Based Sustainable Dietary Patterns: A Review on Consumer Research of Meat Substitutes[END_REF], rather than nutritional quality, consideration of which appears to be limited to mainly the macronutrient and particularly protein content [START_REF] Bohrer | An investigation of the formulation and nutritional composition of modern meat analogue products[END_REF][START_REF] Kyriakopoulou | Plant-Based Meat Analogues[END_REF]. Conversely, a nutritionally-optimized meat substitute as the one used in this study, although the prototype had acceptable orosensory characteristics [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF], should rather be emphasized on the basis of its nutritional value.

Therefore, if plant-based meat substitutes are appropriately designed from a nutritional point of view (especially in terms of zinc and iron) they could be useful to favor healthier dietary patterns, by supplying the nutrients that come from both meat and plant ingredients while limiting deviation from observed diets, that is, limiting the extent of other dietary changes. During this study, we considered that replacing meat with a meat substitute would not count as a deviation from the structure of observed diets (as was done for wholegrain products replacing refined grains), because meat substitutes are designed to be consumed in the same way as meat [START_REF] Schösler | Can we cut out the meat of the dish? Constructing consumer-oriented pathways towards meat substitution[END_REF][START_REF] Elzerman | Consumer acceptance and appropriateness of meat substitutes in a meal context[END_REF]. However, replacing meat with meat substitutes was not the only change to the modeled diets, and this substitution will not be sufficient to achieve healthy and sustainable diets [START_REF] Mertens | Potential Impact of Meat Replacers on Nutrient Quality and Greenhouse Gas Emissions of Diets in Four European Countries[END_REF]. Indeed, if the initial dietary pattern is unhealthy, using a meat substitute will not be sufficient to reach an healthier diet [START_REF] Hu | Can Plant-Based Meat Alternatives Be Part of a Healthy and Sustainable Diet?[END_REF],

which actually requires major direct (intra-category changes between easily substitutable foods) and indirect (inter-category changes consisting a remodeling of the overall dietary pattern) changes. Here, we found that the utility of appropriate and nutritionally-designed meat substitutes stemmed from their dual effects on enhancing the health value of the diet and reducing the need for other indirect dietary changes deemed less culturally acceptable. This was because the better intrinsic nutritional quality of such optimized meat substitutes induces less need for changes to the consumption of other food groups in order to meet nutritional requirements.

Meat substitutes with a good nutrient package can be integrated in large quantities and widely replace meat, but this may raise other questions regarding potential adverse effects. Many plant-based meat substitutes are ultra-processed [START_REF] Boukid | Plant-based meat analogues: from niche to mainstream[END_REF][START_REF] Wickramasinghe | The shift to plant-based diets: are we missing the point?[END_REF][START_REF] Bohrer | An investigation of the formulation and nutritional composition of modern meat analogue products[END_REF] and they would replace foods that are generally minimally processed (except processed meat). An excessive intake of ultra-processed foods can be expected to have adverse effects on health [START_REF] Monteiro | Ultra-processed foods, diet quality, and health using the NOVA classification system[END_REF][START_REF] Lane | Ultraprocessed food and chronic noncommunicable diseases: A systematic review and meta-analysis of 43 observational studies[END_REF][START_REF] Chen | Consumption of ultraprocessed foods and health outcomes: a systematic review of epidemiological studies[END_REF]. Meat substitutes may therefore appear to be effective for the design of healthier dietary patterns if the aim is to stay close to observed diets, but may be ineffective if the goal is to promote the consumption of minimally processed foods that are currently little consumed (such as legumes and nuts). In the latter case, it would certainly be necessary to deviate to a greater extent from the observed diets. Of note, since the optimized meat substitute is made of simple unprocessed or minimally-processed ingredients (coco bean, yellow sweet pepper, flaxseed, etc.), it can be prepared at home as a plant-based patty to replace meat, but, alternatively, its ingredients can be included separately as foods in an overall diet with less meat [START_REF] Salomé | The potential effects of meat substitution on diet quality could be high if meat substitutes are optimized for nutritional composition-a modeling study in French adults (INCA3)[END_REF]. The advantage of its formulation as a meat substitute is to offer an easy replacement for meat.

This study has some limitations. First, as the average meat substitute we took the mean of 43 meat substitutes that have very diverse nutritional compositions (some of them containing egg or cheese), but using an average substitute was a robust scenario taking into account overall the diversity of the food offers while avoiding using a large number of scenarios which are more difficult to interpret together. Second, the optimization procedure at the population level did not take account of the diversity of diets, which may be important when modeling healthier diets [START_REF] De Gavelle | The Initial Dietary Pattern Should Be Considered when Changing Protein Food Portion Sizes to Increase Nutrient Adequacy in French Adults[END_REF]. Third, in the absence of adequate specific data, the cultural acceptability of dietary changes was only theoretically and imperfectly considered, by searching for the smallest combined deviations in food group consumptions while bounding them between their observed 5 th and 95 th percentiles.

Finally, most of the results presented in this study were obtained by considering observed levels of bioavailable zinc and iron rather than the recommended levels of intake as a nutritional constraint. Zinc and iron references are very constraining and limit the modeling of healthy diets [START_REF] Dussiot | Modeled healthy eating patterns are largely constrained by currently estimated requirements for bioavailable iron and zinc -a diet optimization study in French Adults[END_REF] but removal of these constraints might have led to much lower intakes of iron and zinc. As a compromise we therefore chose not to degrade the current situation and to model diets that supplied at least the same levels of absorbed iron and zinc as the observed diets. Using recommendations rather than observed intakes led to the same conclusions, except that fortifications with iron and zinc appeared to be much more necessary.

To conclude, the standard meat substitutes that are currently available are of little use when modeling healthy dietary patterns unless they are fortified with iron and zinc, and they constitute a potential vector for sodium. By contrast, a meat substitute that had been nutritionally designed proved to act as an efficient lever to improve observed diets, but iron and zinc fortifications were required in order to drastically reduce the consumption of red meat. Finally, plant-based meat substitutes may be useful to implement healthier dietary patterns involving less red meat consumption, provided that they contain enough iron and zinc. Formulation of meat substitutes should consider their nutritional quality and choose ingredients that are both low-sodium, nutrient-dense and especially rich in iron and zinc. Fortification must also be considered when seeking to design products which aim to fully replace red meat. We have thoroughly and rigorously evaluated how the composition of meat substitutes affects the nutritional adequacy of the modeled diets in which they are incorporated, while designing these diets to find the best trade-off between their long-term health value and their proximity to current diets. However, their cultural acceptability was only theoretically and imperfectly assessed. Further studies are also needed to jointly assess impacts on other dimensions of sustainability, such as diet cost and environmental footprints. 

Table 1 .

 1 Ingredient content of the optimized meat substitute[START_REF] Notarnicola | Environmental impacts of food consumption in Europe[END_REF]. Consumptions of different food groups in observed and modeled diets according to different optimization scenarios in the whole population. Obs, observed diet. AS, AS-30%, AS-50%, modeled diets with the possible introduction of the average meat substitute: not fortified, fortified with iron and zinc at 30% and 50% of the NRVs, respectively. OS, OS-30%, OS-50%, modeled diets with the possible introduction of average and optimized meat substitutes: not fortified, fortified with iron and zinc at 30% and 50% of the NRVs, respectively. RG, refined grains; WG, wholegrains. Water and hot beverage consumptions are not shown, for clarity. Miscellaneous foods include Soups, Bouillons, Sweet products or sweet and fatty products, Substitutes of animal products, Salt, Condiments and Aromatic herbs, spices except salt groups. Details about food grouping are given in Supplemental Table1and consumptions of food groups or categories not shown here are given in Supplemental Tables 5, 6, 8 and 9. Healthy dietary pattern (HDP) gain (difference in HDP values between modeled and observed diets) vs Diet Departure (DD) for the different modeled diets. AS, AS-30%, AS-50%, modeled diets with the possible introduction of the average meat substitute: not fortified, fortified with iron and zinc at 30% and 50% of the NRVs, respectively. OS, OS-30%, OS-50%, modeled diets with the possible introduction of average and optimized meat substitutes: not fortified, fortified with iron and zinc at 30% and 50% of the NRVs, respectively. Consumption of red meat (beef & veal, pork & other meats, offal), processed meat, poultry and meat substitutes in the observed and modeled diets. Obs, observed diet. AS, AS-30%, AS-50%, modeled diets with the possible introduction into the repertoire of the average meat substitute: not fortified, or fortified with iron and zinc at 30% or 50% of the NRVs, respectively. OS, OS-30%, OS-50%, modeled diets with the possible introduction of average and optimized meat substitutes: not fortified, or fortified with iron and zinc at 30% or 50% of the NRVs, respectively.
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