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Background: Nutrition and diet are critical to managing Type 2 diabetes 
(T2D). Low-income households often face challenges maintaining a healthy 
and balanced diet due to food insecurity, availability, and cost. To address this 
issue, we used a linear goal programming (LGP) model to develop nutritionally 
adequate, affordable, accessible, and culturally acceptable diets for persons 
with T2D in Benin, a French-speaking sub-Saharan country. The goal was to 
help persons with T2D manage their condition more effectively.

Methods: We compiled a robust list of local commonly consumed foods in 
Benin, and calculated their nutritional value using West African food composition 
tables and food costs per serving from a market survey. Using mathematical 
optimization techniques, we designed dietary plans that meet the daily nutrient 
intake recommended by the World Health Organization (WHO) to prevent 
chronic diseases in normal adults. While adhering to dietary constraints of T2D, 
we  developed optimized diet plans with varying energy levels that meet all 
nutrient requirements while considering availability, acceptability, and budgetary 
constraints.

Results: Fifty-two food items and recipes were evaluated to create six low-cost 
daily menus. Menu 1 was the most affordable at CFA 1,127 (USD 1.88), providing 
1890  kcal of energy, while Menu 6 was the most expensive at CFA 1,227 
(USD 2.05), providing 1749  kcal. All the menus met the daily WHO minimum 
requirements for carbohydrates, fat, cholesterol, and fiber content, while other 
nutrients such as protein, vitamin C, and iron reached the upper limits of the 
acceptable value range.

Conclusion: Linear goal programming can be  an effective tool in helping to 
obtain optimized adequate, accessible, and culturally acceptable diets at 
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minimal cost by interpreting and translating dietary recommendations into a 
nutritional model, based on local market prices.
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adequate diet, acceptable diet, accessible diet, diet costs, linear goal programming, 
type 2 diabetes, Africa

1 Introduction

Sub-Saharan Africa (SSA) is currently experiencing a rapid 
increase in nutrition-related chronic diseases, particularly Type 2 
diabetes (T2D), leading to significant health challenges and economic 
burdens (1, 2). By 2045, T2D rates are expected to rise by 129%, 
worsening the already high levels of complications and comorbidities 
and placing immense pressure on the healthcare system (3–6). The 
Republic of Benin, a French-speaking country in SSA, is also facing 
a similar trend. Within 7 years, T2D prevalence has surged by 76%, 
reaching 21.6% in some areas (7). The current healthcare system’s 
focus on treatment rather than prevention has resulted in a 55.8% 
increase in diabetes-related disabilities between 2007 and 2017 (8, 9). 
Moreover, diabetes-related complications have led to alarmingly high 
mortality rates, estimated at 618 deaths per 100,000 for women and 
430 deaths per 100,000 for men (10, 11). Additionally, the population 
of adults aged 45–65 is expected to rise by 64.8%, contributing to a 
future increase in T2D cases and healthcare costs (12).

The high rates of morbidity and mortality among persons with 
T2D in Benin are mainly due to their poor adherence to dietary 
guidelines (13–15). A healthy diet has proven to effectively improve 
glycemic control, reduce cardiovascular risks, and prevent 
complications by lowering body mass index (BMI), hemoglobin A1c 
(HbA1c), triglycerides, cholesterol levels, and blood pressure (16–18). 
However, only 20% of persons with T2D in Benin follow the dietary 
recommendations. Moreover, studies indicate that 20% of these 
individuals have normal energy intake, 75% have high carbohydrate 
intake, and 77% have abnormal protein intake (19, 20). In a recent 
study, limited access to healthy foods, difficulty translating 
recommendations into practice, lack of information about local foods, 
and cultural acceptance issues hindered dietary adherence (21). 
Therefore, providing culturally appropriate and practical dietary 
recommendations is crucial, considering the health, financial, and 
cultural challenges faced by those living with T2D in Benin (22, 23).

In this context, linear programming (LP) is a valuable 
mathematical technique to address Benin’s dietary needs. It involves 
using an objective function and constraints to find values for decision 
variables. LP can help identify the most appropriate nutritional changes 
while also considering constraints such as regional food preferences, 
serving sizes, and cost (24). This approach has been proven to 
be effective in creating food-based dietary guidelines, especially for 
populations facing food security and cost challenges. LP can assess the 
feasibility of diets with multiple constraints without increasing diet 
costs, which aligns with nutritional goals for diabetes management 
(25–30). Its notable advantage lies in using the existing diet as a 
foundation, thus creating optimal diets with familiar foods. This 
technique is particularly well-suited to complex African environments 
where diverse variables and constraints must be considered (24–26).

Although LP has gained popularity in nutrition, most studies 
focused on optimizing diet plans for healthy and undernourished 
individuals in SSA (25–30). Previous regional studies used LP to 
create optimal dietary patterns based on nutrient-based 
recommendations (31, 32) and evaluate cost constraints (33, 34). 
These studies address accessibility and adequacy, two of the four A’s 
of food security (35, 36). In addition, while LP is commonly used 
in Europe, the United  States, and Asia, its application to Benin 
presents challenges due to the country’s distinctive food intake 
patterns characterized by high-carbohydrate diets with limited 
consumption of fruits, vegetables, and whole grains (31, 37–39). 
Benin’s unique dietary context makes it difficult to directly apply 
results from studies conducted in other regions. Furthermore, 
research on dietary patterns in SSA for T2D is lacking. To fill these 
gaps, this study aims to use linear goal programming (LGP) to 
develop nutritionally adequate, affordable, accessible, and culturally 
acceptable diets for persons with T2D. LGP is an extension of LP 
that addresses multiple objectives. It can provide a more realistic 
representation of real-world problems than LP, often used to 
optimize decision-making with independent and dependent 
variables (40). By optimizing diet plans based on the 4 A’s food 
security framework (adequacy, acceptability, accessibility, and 
availability of foods), low-income persons with T2D can improve 
their dietary adherence and health outcomes.

2 Materials and methods

2.1 Data preparation

As a first step in developing affordable, accessible, and culturally 
acceptable diets that meet nutritional requirements, we followed the 
data preparation process outlined by Briend et al. (41). The process 
involved three steps as described in Figure  1: (1) listing all the 
necessary nutrient requirements, (2) listing the commonly consumed 
and locally available foods for the Benin population, and determining 
their nutrient contents and cost per serving, and (3) calculating the 
maximum intake of each food per meal.

2.1.1 Nutrient requirements
Dietary needs vary according to gender, age, weight, height, and 

daily activities. We used the World Health Organization’s (WHO) 
recommended daily nutrient intake for normal adults to prevent 
chronic diseases, as outlined in Table 1 (42). The nutrients considered 
were energy, carbohydrates, protein, total fat, cholesterol, fiber, vitamin 
C, vitamin B6, vitamin B12, iron, zinc, calcium, potassium, sodium, 
and carotenoids. Total fats include visible fats such as cooking and 
salad oils, invisible fats found in plant foods like fruits, vegetables, 
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cereals, and nuts, and animal foods such as fish, eggs, meats, and milk 
products. We also include a minimum daily consumption of 400 grams 
of fruit and vegetables to promote a balanced and healthy diet (43).

2.1.2 Foods, nutrient contents, and cost per 
serving

We created a detailed list of commonly consumed and locally 
available foods in Benin. To compile this list, we conducted a thorough 
search of the literature on food consumption, food consumption 
patterns, dietary habits, and the frequency of food consumption in all 
three regions (North, Central, and South) of Benin using resources 
such as Google, Google Scholar, and PubMed. We carefully reviewed 
all available abstracts and obtained relevant articles. Additionally, 
we  searched for Master’s and doctoral theses related to food 
consumption in Benin in the Faculty of Agricultural Sciences (FSA) 
Library of the University of Abomey-Calavi, Benin. In total, 
we identified 16 studies conducted in the three regions of Benin. Ten 
of these studies examined food consumption patterns, dietary habits, 
and food consumption frequency, while the remaining six focused on 
food consumption through dietary surveys among 21 to 514 
participants from different socio-economic statuses in rural and urban 
areas. Our review also considered national diet surveys conducted to 
develop Benin food-based dietary guidelines (25) and regional diet 
surveys to determine adherence to dietary recommendations among 
persons with T2D (8, 44, 45).

Based on the literature review, including additional information 
on food frequency patterns, most individuals in Benin ate breakfast, 
lunch, dinner, and sometimes evening snacks in urban areas (46). 
With this information, daily nutrient intake was estimated using the 
foods consumed during these three significant meals and evening 
snacks. A list of 52 commonly consumed items by the Benin 
population, both diabetic and non-diabetic, was used to curate food 
combinations for meal plans. Some foods and recipes were selected 
based on dietary reference intakes with a low glycemic index, as 

FIGURE 1

Flow chart describing diet design using linear goal programming.

TABLE 1 Recommended daily nutritional intake to prevent chronic 
diseases.

Dietary factors Goals (normal nutritional status)

Man and woman

Energy 1800–2,200 kcal

Carbohydrates* 50–55%

Proteins* 12-15%

Total fat* < 30%

Cholesterol < 300 mg/d

Fiber (g) 20–35 g/d

Vitamin B6 >1.3 mg/d

Vitamin B12 >2.4 μg/d

Vitamin C 75–90 mg/d

Vitamin A, Carotenoids 700–900 μg/d

Iron (mg/d) 18–8 mg/d

Zinc (mg/d) 8–11 mg/d

Calcium (mg/d) 1,000 mg/d

Sodium (mg/d) <1,500 mg/d

Potassium (mg/d) 2,600–3,400 mg/d

Fruits and vegetables > 400 g

*Percentage of total energy needs.
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recommended by the WHO guidelines for persons with T2D (47–49). 
Fast foods and soft drinks were excluded from the list based on 
nutritionist observation and feedback. Table 2 lists foods and recipes 
for different food intervals. The 52 items were classified into foods and 
recipes for breakfast (30 items), lunch/dinner (36 items), and evening 
snacks (16 items). The same food items were recommended for lunch 
and dinner as they could be taken at either meal.

Due to the absence of a food composition table (FCT) in Benin, 
nutrient data for local foods and recipes were sourced from Mali and 
West African FCTs (50–52) and the online nutrient tracker CRON-O-
Meter (53).1 However, these sources provided incomplete data, lacking 
coverage for all commonly consumed local recipes. Consequently, a 
food consumption survey was conducted in Benin’s three main 
regions to ascertain these recipes’ ingredients and nutritional values. 
Given the incomplete information in African food tables, the study 
focused on energy requirements and 14 essential nutrients for 
individuals with normal nutritional status, assuming each person 
would receive 100% of the required nutrients from their diet.

In calculating food costs per serving, this study utilized the “Cost 
of the Diet” tool and conducted a market survey. The “Cost of the 
Diet” tool considers factors such as the World Food Composition 
Database, the World Health Organization’s (WHO) recommended 
nutrient requirements for various groups, local food prices, and 
household compositions (54). As staple food prices rose 23.9% in SSA 
(55), a market survey in the three main regions collected three 
different prices per food item, including the highest and lowest across 
all vendors. Raw ingredient weights for cooked composite dishes were 
measured, and their costs were totaled to determine the overall cost 
of all ingredients.

2.1.3 Maximum intake of each food per meal
Some researchers and clinicians suggest that adopting a 

carbohydrate-reduced diet may enhance outcomes for persons with 
T2D, including improved glycemic control, weight loss, and 
decreased reliance on hypoglycemic medications. This approach has 
sparked discussions about the potential effectiveness of treating T2D 
with a carbohydrate-reduced diet, possibly leading to remission (56, 

1 https://cronometer.com/

57). However, most persons with T2D in Benin follow high-
carbohydrate diets with low fruits, vegetables, and whole grains (31, 
38, 39). To encourage better food choices, maximum amounts of each 
food type per meal were determined, aligning with Benin’s Food-
based dietary guidelines (25), carbohydrate recommendations for 
diabetics (45–60 grams per meal and 15–20 grams per snack) (58), 
and expert advice. Portion sizes, calculated in grams and domestic 
measures, considered the nutritional composition of specific foods 
and adhered to the nutrition content criteria for one portion of each 
food group. Table  3 provides examples of foods and their 
recommended maximum intake per meal. A standard serving size 
was defined as a 250 mL bowl used to serve corn dough in Benin. A 
tablespoon (15 mL) and the palm or the thumb were also used as 
references for portion size.

2.2 Linear goal programming diet planning 
model

The LGP diet model was developed to create optimized diet plans 
for persons with T2D in Benin. These plans aim to meet patients’ 
energy and nutrient requirements while considering factors such as 
affordability, cultural acceptance, and local food availability. To 
achieve this, we used three types of constraints. First, energy and 
nutrient constraints were implemented based on the WHO’s 
recommended daily energy and nutrient intake to prevent chronic 
diseases among normal adults (45, 47–49). Secondly, the maximum 
portion size for each type of food per meal was determined by relying 
on the Benin food-based dietary guidelines and low-carbohydrate 
recommendations for persons with T2D (25, 59). Finally, the model 
considered acceptability, availability, and cost as constraints by 
selecting local commonly consumed foods and low-cost diets based 
on a market survey conducted in the three main regions of the 
country. The LGP formulation is as follows:

 
min z w d d w d d

i
i
u

iu iu i
l

il il= +( ) + +( )∑ − + − +

 
(a)

 t Tm M
mti mt iu iu iN x d d UG i

∈ ∈

− +∑ ∑ + − = ∀,
 

(b)

TABLE 2 Commonly consumed foods and recipes used for diet optimization.

Breakfast Evening snacks Lunch/dinner

Corn paste; Tomato sauce; Vegetable sauce (Fonman); 

Corchorus olitorius L (crin-crin); Okra (Gombo); Cooked 

tilapia fish; Fresh cooked chinchard (silivi); Cooked lean 

lamb; Cooked chicken; White rice, cooked; Fermented corn 

dough porridge; Sugar; Grilled peanuts; Granulated 

fermented flour porridge; Fermented corn dough (akassa); 

Tomato sauce (Moyo); Mixed rice and beans; Boiled chicken 

eggs; Local cheese; Sweetened wheat doughnut (yovodoko); 

Bean cake (Akara); Oatmeal; Soja porridge; Evaporated 

unsweetened milk (peak); Fresh orange; Fresh banana; Fresh 

papaya; Lemon juice without added sugar; White wheat 

bread; Cooked beans; Peanut oil; Millet/Sorghum porridge, 

unsweetened

Fermented cassava (gari); Sugar; 

Peanut aballs (Klui Klui); Grilled 

peanuts; Granulated fermented flour 

porridge; Fermented corn dough 

porridge; Bean cake; Fresh Orange; 

Fresh Pineapple; Fresh Banana; 

Mango; Tea; Bean cake; Boiled 

chicken eggs; Plain yogurt; Papaya

Corn paste; Tomato sauce; White rice, cooked; Vegetable sauce 

(Fonman, vernonie, gboman); Amaranth leaves (crin-crin); 

Cooked tilapia fish; Fresh cooked chinchard (silivi); Cooked lean 

lamb; Cooked chicken; Yam-couscous (Wassa-wassa); Pepper; 

Cooked beans; Peanut oil; Palm oil; Local cheese; Fermented corn 

dough (akassa); Tomato sauce (Moyo); Boiled yam; Pounded yams; 

Ground nut stew; Cassava-pudding; Beans and rice; Yam dough 

(Telibô); White wheat bread; Cooked chicken; Boiled cassava; 

Watermelon; Mango; Pineapple; Avocado; Cassava-pudding (Eba); 

Pasta; Salad.
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(d)

 d d d d x i t miu iu il il mt
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Sets and indices:
i I∈ : set of nutrients and energy.
t T∈ : set of type meals.
m M∈ : set of meals.
Decision variables:
d diu iu
− +
, : under-achievement and over-achievement of each 

nutrient and energy (i) from upper bound.
d dil il
− +
, : under-achievement and over-achievement of each 

nutrient and energy (i) from lower bound.

xmt ∈{ }01, : 1, if the meal (m) in type meal (t) is selected for menu, 
otherwise 0.

Parameters:
wiu: The weights for upper bounds in nutrients and energy (i).
wil : The weights for lower bounds in nutrients and energy (i).
Nmti: Nutrient and energy (i) value in meal (m) with type meal (t).
At ∈{ }01, : 1, if type meal (t) should be in menu, otherwise 0.
UGi: Upper bound for nutrient and energy (i) in menu.
lGi : Lower bound for nutrient and energy (i) in menu.

The objective function (Eq. a) minimizes deviations from nutrient 
and energy goals. The coefficients assigned to deviational variables in 
the objective function serve as indicators, reflecting both the 
significance and desirability of deviations from different nutrient and 
energy goals. Constraints (Eq. b) and (Eq. c) utilize goal programming 
constraints to ensure the attainment of specific goals for each nutrient 
and energy. Constraint (Eq. d) specifies that each type of meal should 
be  either considered or not in the menu. Furthermore, constraint 
(Eq. e) ensures that decision variables adhere to defined domains.

TABLE 3 Illustrative foods and maximum intake per meal*.

Food item Weight (g) Maximum intake per meal

Cereals

  Corn dough, non-fermented 185 1 bowl

  Cooked white rice 220 1 bowl

  Fermented corn dough (akassa) 185 1 bowl

  Boiled macaroni 140 1 bowl

  White wheat bread 60 1/2 bread

Tubers and roots

  Cooked yam 136 1 bowl

  Yam dough (Telibô) 175 1 bowl

  Fermented cassava (gari) 85 1/3 bowl

Vegetables and vegetable sauces

  Tomato sauce 225 1 bowl

  Tomato sauce +crincrin 200 1 bowls

  Leafy vegetable sauce 160 1 bowl

Beans, nuts and seeds

  Cooked white beans (white niébé) 125 1 bowl

  Soya porridge, unsweetened 200 1 bowl

  Grilled peanuts 19 1/2 bowl

Fruits

  Fresh papaya 95 1 bowl

  Fresh banana 75 1 medium

  Fresh orange 100 1 medium

  Fresh mango 82.5 1 small or 1/2 large

Dairy products

  Evaporated unsweetened milk (peak) 85 1/2 milk box

  Local cheese 50 The length of two thumbs

  Traditional yoghurt 125 1 small container

*Bowl represents 250 mL.
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2.3 Data analysis

In this study, the tests were conducted on a MacOS with one Apple 
M1 chip and 8GB RAM. We solve the LGP proposed using Python 
3.10.3 and optimization solver Gurobi 9.1.2.

3 Results

Six of the 15 optimized menus generated using LGP had the 
lowest costs with various energy levels that fell within the lower and 
upper limits set for kcal (1800–2,200 kcal) as shown in Table 4. Menu 

1 had the lowest cost of CFA 1,127 (USD 1.88) with an energy level of 
1890 kcal, while Menu 6 has the highest price of CFA 1,227 (2.05 USD) 
with an energy level of 1749 kcal. Moreover, most of the foods included 
in the six models are whole grain foods such as millet, sorghum, and 
maize; vegetables like C. olitorius (crin-crin), spinach, and tomato; 
fruits like oranges, papayas, and lemons; and foods from animal 
sources such as eggs, fish, and meat. Most of the cooking methods 
used were steaming, baking, or grilling.

All six menus also met the constraints’ upper and lower limits, 
including the recommendations for macronutrients and 
micronutrients, as displayed in Table 5. The values for carbohydrates, 
fat, cholesterol, and fiber have reached the constraints’ lower limits. 

TABLE 4 Six optimal diabetic menus using LGP for adequate calorie intake at minimal cost.

Caloric intake 1890 1,359 1,228

Meal Model 1 Model 2 Model 3

Breakfast Cooked beans (1 bowl)

Peanut oil (1 tablespoon)

Bread (1/2 baguette)

Lemon juice (1 bowl)

Water (1 cup)

Beans and rice (1 bowl)

Tomato stew (1/2 bowl)

Grilled fish (56 g)

Orange (1 medium)

Water (1 cup)

White bread (1/2 baguette)

Boiled chicken eggs (2 pieces)

Raw vegetables (1/2 bowl)

Water (1 cup)

Lunch Yam flour (1 bowl)

Tomato sauce+ crincrin (1 bowl)

Grilled fish (56 g)

Water (1 cup)

Cooked beans (1 bowl)

Peanut oil (1 tablespoon)

Pain (1/2 baguette)

Water (1 cup)

Wassa wassa (1 bowl)

Piment (1/2 bowl)

Poisson fume (56 g)

Water (1 cup)

Afternoon snack Tea (+unsweetened sugar)

Dinner Vegetables salad with cooked eggs (2 bowls)

Bread (1/2 baguette)

Water (1 cup)

Macaroni (1 bowl)

Tomato sauce (1 bowl)

Boiled chicken eggs (2)

Water (1 cup)

Akassa (1 bowl)

Tomato sauce (1 bowl)

Grilled salmon fish (56 g)

Water (1 cup)

Total Consumption (kcal/day) 1889.6 1359.4 1228.17

Food cost per day (CFA) 1,127 (USD 1.88) 1,136 (USD 1.90) 1,184 (USD 1.98)

Caloric intake 2034 1,592 1749

Meal Model 4 Model 5 Model 6

Breakfast Beans and rice (1 bowl)Tomato stew (1/2 bowl)

Grilled fish (56 g)

Orange (1 medium)

Water (1 cup)

Millet/Sorghum porridge (1.5 bowl)

Bean cake, Akara (2 small pieces)

Orange (1 medium)

Water (1 cup)

Non-fermented corn dough 

porridge (1.5 bowl)

Sweetened wheat doughnut (2 

small pieces)

Water (1 cup)

Lunch Cooked beans (1 bowl)

Peanut oil (1 tablespoon)

Bread (1/2 baguette)

Water (1 cup)

Yam flour (1 bowl)

Tomato sauce+ crincrin (1 bowl)

Grilled fish (56 g)

Water (1 cup)

Fermented corn dough, akassa (1 

bowl)

Tomato sauce, Moyo (1 bowl)

Boiled fish (56 g)

Papaya (1 medium)

Water (1 cup)

Afternoon snack Grilled peanuts (1/4 bowl) Orange (1 medium)

Dinner Rice (1 bowl)

Tomato sauce (1 bowl)

Grilled Fish (56 g)

Water (1 cup)

Akassa (1 bowl)

Tomato sauce (1 bowl)

Grilled salmon fish (56 g)

Water (1 cup)

Rice (1 bowl)

Vegetables sauce (1 bowl)

Cooked meat (beef) (56 g)

Water (1 cup)

Total Consumption (kcal/day) 2033.570 1591.577 1748.940

Food cost per day (CFA) 1,220 (USD 2.04) 1,223 (USD 2.02) 1,227 (USD 2.05)
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However, other nutrients such as protein, vitamin B12, vitamin C, and 
iron have reached maximum acceptable levels.

Finally, out of the 56 recipes commonly consumed and available 
locally in Benin, six menus had an average of 10 recipes. Menu 1 
contained 9 recipes with 1890 kcals of energy. Menu 2 had 11 recipes 
with 1,359 calories. Menu 3 consisted of 9 recipes with 1,228 Kcals. 
Menu 4 and Menu 5 had 11 recipes with energy levels of 2034 and 
1,592 kcals, respectively. Lastly, menu 6 included 9 recipes with an 
energy level of 1749 calories, as shown in Figure 2.

4 Discussion

Type 2 diabetes (T2D) is increasing in SSA, including Benin, and 
culturally appropriate and practical dietary recommendations are 
urgently needed. In the findings, six of 15 optimized menus created 
through LGP achieved the lowest costs while meeting energy levels 
between 1800 and 2,200 kcal/day. Specifically, Menu 1 had the lowest 
price of USD 1.88 at an energy level of 1890 kcal. Despite Models 5 and 
6 having lower energy levels, they incurred higher costs of USD 2.02 
and USD 2.05, respectively. The six menus predominantly featured 
whole grains, vegetables, fruits, and animal sources prepared through 
steaming, baking, or grilling and met upper and lower constraints for 
nutrients, aligning with dietary recommendations. In addition, the 
study showcased practicality by compiling an average of 10 recipes per 
menu from 56 locally available options in Benin, emphasizing 
diversity in the proposed diabetic menus. Therefore, the study offered 
feasible solutions to energy and dietary issues by balancing nutritional 
needs with acceptability, accessibility, and budget limitations. It also 
suggested that alternative menu combinations could be explored by 
replacing food recipes with similar nutrient sources in these 
optimization models. Additionally, food recipes can be adjusted based 
on diabetes patients’ sugar levels to ensure energy balance (27). As a 
result, this study assists in managing glucose levels through optimized 
food menus and encourages a healthy lifestyle for individuals with 
T2D in Benin or similar environments.

The dietary patterns were modeled based on WHO-recommended 
daily nutrient intake as constraints. In contrast, other researchers have 
used more American criteria such as EAR, adequate intake, UL, RDA, 
or RDI (28, 39, 60–62). Our decision to follow the WHO 
recommendations was justified because they have been proposed to 
reduce risk factors for chronic diseases resulting from unhealthy diets 
and physical inactivity through public health efforts in SSA (42). 
Additionally, by meeting the higher micronutrient objectives, the 
modeled diet fulfilled all the requirements for this population, which 
were low in previous observed amounts (8, 44). Moreover, 
supplementation with fiber, calcium, iron, vitamin C, and vitamin A 
would enable individuals to meet their dietary needs if the proposed 
diet was not adopted. However, individuals should strive to meet their 
nutrient requirements through healthy eating patterns that include 
nutrient-dense foods as highlighted in this study. Conversely, unlike 
studies among persons with T2D in Benin (8, 44), our modeled diets 
lowered sodium and potassium without increasing the cost. 
Consequently, the prevalence of high blood pressure and heart disease, 
two main concerns for diabetes patients, could be reduced (63, 64).

Furthermore, little improvement to the existing diet has been 
achieved by increasing the consumption of functional foods that 
effectively treat and prevent diabetes (65). These foods include whole T
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grains (millet and sorghum), rich in fiber; vegetables (crincrin and 
spinach), rich in fiber, minerals, and vitamins while low in calories; 
fruits (orange and papaya), packed with fiber, vitamins, and 
antioxidants; and food from animal sources, rich in proteins. They 
also contain bioactive compounds that help manage diabetes (66). 
Moreover, the menus emphasize low glycemic index foods like akassa 
(GI 18), green vegetable soup (GI 25), akara (GI 43.7), and rice and 
tomato soup (GI 46.3). Sugary drinks are avoided except for naturally 
occurring sugar in fruits and vegetables (67–69). Healthy, high-
antioxidant drinks such as lemon and orange juice are recommended 
alternatives. Lean proteins like beans, fish, and peanuts are suggested 
as protein sources. Further, as per Asmaa et al. (70), the recommended 
menus stress reducing saturated and trans-fats by utilizing cooking 
methods like steaming, baking, or grilling, which reduce meal fat 
content. High intakes of fats and cholesterol have been associated 
with a higher risk of CVD and diabetes, so lowering this could also 
improve their health (66–68). However, communication with health 
workers and dietitians will be  essential to promote healthier 
alternatives to individuals while making them more available 
(increased physical and economic access) in community stores 
and markets.

We aim to produce an adequate, accessible, and culturally 
acceptable diet that helps to manage T2D so that it is affordable and 
achievable for low-income individuals. In the study, energy levels 
were categorized into three ranges: 1200–1,600 kcal per day, 1,600–
1800 kcal per day, and 1800–2,200 kcal per day, ideal for overweight 
or obese patients. Managing T2D in SSA is challenging due to 
individuals being overweight at diagnosis and gaining weight 
during treatment (2, 65, 71–73). Dietary plans should focus on 
reducing energy intake while ensuring optimal nutrient 
consumption. The carbohydrate values are now at the lowest limit. 
Previous studies have shown that very low-carbohydrate diets (20% 
or less of total calories) and low-carbohydrate diets (40% or less of 
total calories) can improve outcomes for T2D, including weight 
loss, better glycemic control, and reduced use of hypoglycemic 
medications (74–76). In addition, while budget constraints remain 

a concern because of food price rises, our optimized diets maintain 
a minimum cost within a specific range that, in this study, is below 
USD 2.05 each day, including three or four main meals. However, 
we did not apply a cost constraint to our models since previous 
research has shown that it can adversely affect diet nutrient density 
and food selection (24). We  selected commonly consumed and 
easily accessible foods. Identifying affordable food patterns that 
provide the necessary nutrients can help reduce social inequalities, 
such as those in Benin. However, it is also critical to address the 
underlying causes of food insecurity and dietary inadequacy in 
the country.

However, this study had some limitations. The selection of optimal 
food recipes is limited to T2D patients without significant 
complications. However, optimization models can be used to extend 
this study to patients with other comorbidities, such as gestational 
diabetes, hypertension, cardiovascular disease, and other chronic 
illnesses. Moreover, we assumed that all food prices were based on 
purchases made at markets or street vendors without considering 
cooking costs or removing non-edible portions. The diet cost may 
have been underestimated for home-prepared food bought as ready-
to-eat meals, and conversely, ready-to-eat food prepared at home may 
have been overestimated. While acknowledging the study’s limitations, 
it is notable for its comprehensive approach, targeting urban and rural 
populations across the three main regions of Benin. The selected foods 
for optimization are readily available, accessible, and culturally 
acceptable, rendering the food intake data representative of the 
general population. Moreover, the study employs domestic 
measurements to convey servings in easily understandable amounts, 
potentially improving compliance with recommended portion sizes 
and numbers (71). Furthermore, adding locally cooked recipes with 
food composition data from a survey in Benin’s three main regions 
strengthens the study’s foundation. Our next steps are to evaluate the 
proposed diets among 30 people with T2D after appropriate training. 
We will create user-friendly guidance for using the menus and address 
other lifestyle factors. Evaluation will include pre- and post-diet 
measurements of weight and HbA1c.

FIGURE 2

Total number of optimized recipes for the six menus produced.
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5 Conclusion

This study underscores the potential of LGP as an effective tool for 
crafting affordable, culturally acceptable, accessible, and nutritionally 
adequate diets tailored to the needs of individuals with T2D in Benin, 
a Francophone SSA country. Leveraging local market prices, this 
method transforms dietary recommendations into an optimized 
nutritional model at minimal cost. The focus on selecting food recipes 
with low carbohydrate and fat content while meeting all essential 
nutrients for diabetes patients holds crucial significance for menu 
development. By identifying widely available food recipes and 
alleviating the economic burden on Benin’s population, this research 
provides a valuable resource for T2D patients, offering an ideal menu 
to sustain a healthy lifestyle at a reduced cost.
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