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ENGLISH 

Cardiovascular diseases remain the leading cause of mortality worldwide out of all non-

communicable diseases. Current evidence suggests that diet is one of the most 

promising modifiable interventions for improving and reducing the risk of 

cardiometabolic risk factors. However, the role of the diet in human health is complex 

due to its multi-dimensional nature. Diet includes not only nutrients but also various 

other factors such as chemical contaminants, endocrine disruptors, degree of 

processing, formulation, additives, the food matrix itself and its sustainable profile. 

The general objectives of this doctoral thesis were: 1) to prospectively assess the 

association between the Nutri-Score Nutrient Profiling system (NS-NPM) dietary index 

and cardiometabolic risk factors in an elderly population with overweight/obesity and 

metabolic syndrome, 2) to investigate the ability of the 2015 and 2023 NS-NPM to 

discriminate food consumption and nutrient intake in a population of French children 

and adolescents 3) to cross-sectionally assess the associations between ultra-processed 

foods (UPFs) consumption and cardiometabolic risk factors in a population of Spanish 

preschoolers, and, 4) to prospectively assess the association between the dietary intake 

of some important widespread endocrine disruptors (polychlorinated dibenzo-p-dioxins 

and furans (PCDD/F) and perfluorooctanesulfonic acid (PFOS)) present in food with 

cardiometabolic risk factors (adiposity, obesity risk and glucose homeostasis 

parameters) in an elderly Mediterranean population. 

The results of this doctoral thesis show that the consumption of food with higher NS-

NPM dietary index (lower nutritional quality) is associated with a 1-year increase in some 

cardiometabolic risk factors (adiposity parameters, fasting plasma glucose, triglycerides, 

and diastolic blood pressure). However, no significant associations were identified for 

critical cardiometabolic risk factors such as high-density lipoprotein cholesterol (HDL-

cholesterol), low-density lipoprotein cholesterol (LDL-cholesterol), and systolic blood 

pressure. In addition, the results for the objective 3 suggest that higher consumption of 

UPFs was positively cross-sectionally associated with z score of body mass index, waist 

circumference, fat mass index, and fasting plasma glucose and negatively associated 

with high-density lipoprotein cholesterol concentrations. Higher dietary intake of 

endocrine disruptors (PCDD/Fs and PFOS) was cross-sectionally and longitudinally 

associated with cardiometabolic risk factors (adiposity, obesity status and glucose 

homeostasis parameters). Furthermore, the results for objective 4 suggest that the 

dietary intake of PCDD/Fs was associated with a higher prevalence of obesity and higher 

adiposity parameters at baseline and higher baseline dietary intake of PCDD/Fs was 

positively associated with changes in waist circumference after 1 year of follow-up. In 

addition, dietary intake of PFOS was associated with glucose homeostasis parameters. 

We found that high baseline dietary intake of PFOS was associated with a higher levels 

of fasting plasma glucose and HbA1c and with an increase in HOMA-IR and BMI after 1-

year of follow-up.  

Overall, the main conclusion of the present doctoral thesis is that the associations 

between each of the three food classification dimensions and different cardiometabolic 
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risk factors are significant even after adjusting for diet quality, indicating that the three 

approaches should be considered independently when assessing the impact of food on 

cardiometabolic risk factors.  
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CASTELLANO 

Las enfermedades cardiovasculares siguen siendo la principal causa de mortalidad por 

enfermedades no transmisibles en todo el mundo. Las evidencias actuales sugieren que 

la dieta es un factor determinante modificable que permite mejorar y reducir el riesgo 

de factores de riesgo cardiometabólicos. Sin embargo, el papel de la dieta en la salud 

humana es complejo debido a su naturaleza multi-dimensional. La dieta incluye no sólo 

los nutrientes, sino también otros factores como los contaminantes químicos, los 

disruptores endocrinos, el grado de procesamiento, la formulación, los aditivos, la 

propia matriz alimentaria y su perfil más o menos sostenible. 

Los objetivos generales de esta tesis doctoral fueron: 1) evaluar prospectivamente la 

asociación entre el índice dietético Nutri-Score Nutrient Profiling system (NS-NPM) y los 

factores de riesgo cardiometabólico en una población anciana con sobrepeso/obesidad 

y síndrome metabólico, 2) investigar la capacidad de los índices NS-NPM de 2015 y 2023 

para determinar si ambos índices permiten caracterizar adecuadamente la dimensión 

nutricional de los alimentos en una población pediátrica y adolescente, 3) evaluar 

transversalmente las asociaciones entre el consumo de ultraprocesados y los factores 

de riesgo cardiometabólico en una población de preescolares españoles, 4) evaluar 

prospectivamente la asociación entre la ingesta dietética de algunos importantes 

disruptores endocrinos ampliamente utilizados (PCDD/F y PFOS) presentes en los 

alimentos con factores de riesgo cardiometabólico (adiposidad, riesgo de obesidad y 

parámetros de homeostasis de la glucosa) en una población mediterránea de edad 

avanzada. 

Los resultados de esta tesis doctoral muestran que el consumo de alimentos con mayor 

índice dietético NS-NPM (menor calidad nutricional) se asocia con un aumento al año de 

algunos factores de riesgo cardiometabólico (parámetros de adiposidad, glucosa 

plasmática en ayunas, triglicéridos y presión arterial diastólica). Sin embargo, no se 

identificaron asociaciones significativas para factores de riesgo cardiometabólico 

críticos como el colesterol HDL, el colesterol LDL y la presión arterial sistólica. Además, 

los resultados del objetivo 3 sugieren que un mayor consumo de ultraprocesados se 

asoció positivamente con la puntuación z del índice de masa corporal, el perímetro de 

cintura, el índice de masa grasa y la glucosa plasmática en ayunas, y negativamente con 

las concentraciones de colesterol de lipoproteínas de alta densidad. Una mayor ingesta 

dietética de disruptores endocrinos (PCDD/Fs y PFOS) se asoció de forma transversal y 

longitudinal con factores de riesgo cardiometabólico (adiposidad, estado de obesidad y 

parámetros de homeostasis de la glucosa). Los resultados del objetivo 4 sugieren que la 

ingesta dietética de PCDD/Fs se asocia con una mayor prevalencia de obesidad y 

adiposidad. Además, una mayor ingesta dietética basal de PCDD/Fs se asoció 

positivamente con aumentos en la circunferencia de la cintura después de 1 año de 

seguimiento. La ingesta alimentaria de PFOS también se asoció con valores más altos de 

parámetros de homeostasis de la glucosa. Por último, una ingesta dietética basal 

elevada de PFOS se asoció con un aumento en los niveles de glucosa plasmática en 
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ayunas y HbA1c, así como a un aumento del HOMA-IR y el IMC tras 1 año de 

seguimiento.  

La principal conclusión de la presente tesis doctoral es que las asociaciones entre cada 

una de las tres dimensiones de clasificación de los alimentos y diferentes factores de 

riesgo cardiometabólico son significativas incluso después de ajustar por la calidad de la 

dieta, lo que indica que los tres enfoques deben considerarse de forma independiente 

al evaluar el impacto que pueden tener los alimentos sobre los factores de riesgo 

cardiometabólico.  
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CATALÀ 

Les malalties cardiovasculars continuen sent la principal causa de mortalitat per 

malalties no transmissibles a tot el món. Les evidències actuals suggereixen que la dieta 

és un factor determinant modificable que permet millorar i reduir el risc de factors de 

risc cardiometabòlic. Malgrat tot, el paper de la dieta en la salut humana és complex 

degut a la seva naturalesa multi-dimensional. La dieta inclou no sols els nutrients, sinó 

també altres factors com els contaminants químics, els disruptors endocrins, el grau de 

processament, la formulació, els additius, la pròpia matriu alimentària i el seu perfil més 

o menys sostenible. 

Els objectius generals d'aquesta tesi doctoral van ser: 1) avaluar de forma prospectiva 

l'associació entre l'índex dietètic NS-NPM i els factors de risc cardiometabòlic en una 

població d’edat avançada amb sobrepès/obesitat i síndrome metabòlica, 2) descriure 

l'índex dietètic NS-NPM utilitzant la versió actualitzada de l'algorisme Nutri-Score amb 

la versió anterior i determinar si tots dos índexs permeten caracteritzar adequadament 

la dimensió nutricional dels aliments en una població pediàtrica i adolescent, 3) avaluar 

transversalment les associacions entre el consum de UPFs i els factors de risc 

cardiometabòlic en una població de nens d’Espanya, 4) avaluar de forma prospectiva 

l'associació entre la ingesta dietètica d'alguns importants disruptors endocrins 

àmpliament utilitzats (PCDD/F i PFOS) presents en els aliments amb factors de risc 

cardiometabòlic (adipositat, risc d'obesitat i paràmetres d'homeòstasis de la glucosa) en 

una població mediterrània d'edat avançada. 

Els resultats d'aquesta tesi doctoral mostren que el consum d'aliments amb alt índex 

dietètic NS-NPM (menor qualitat nutricional) s'associa amb un augment a l'any en alguns 

factors de risc cardiometabòlic (paràmetres d'adipositat, glucosa plasmàtica en dejú, 

triglicèrids i pressió arterial diastòlica). Malgrat tot, no es van identificar associacions 

significatives per a factors de risc cardiometabòlic crítics com el colesterol HDL, el 

colesterol LDL i la pressió arterial sistòlica. A més, els resultats de l'objectiu 3 

suggereixen que un major consum de ultraprocessats s’associa positivament amb la 

puntuació z de l'índex de massa corporal, el perímetre de cintura, l'índex de massa 

grassa i la glucosa plasmàtica en dejú, així com negativament amb les concentracions de 

colesterol de lipoproteïnes d'alta densitat. Una superior ingesta dietètica de disruptors 

endocrins (PCDD/Fs i PFOS) es va associar de manera transversal i longitudinal amb 

factors de risc cardiometabòlic (adipositat, estat d'obesitat i paràmetres d'homeòstasis 

de la glucosa). A més, els resultats de l'objectiu 4 suggereixen que la ingesta dietètica de 

PCDD/Fs s'associa amb una més alta prevalença d'obesitat i adipositat, i una major 

ingesta dietètica basal de PCDD/Fs s’associa positivament amb augments en la 

circumferència de la cintura després d'1 any de seguiment. La ingesta alimentària de 

PFOS també es va associar amb valors més alts de paràmetres d'homeòstasis de la 

glucosa. Finalment, una ingesta dietètica basal elevada de PFOS es va associar a un 

augment en els nivells en dejú de glucosa plasmàtica i de HbA1c, així com a un augment 

del HOMA-IR i l'IMC després d'1 any de seguiment. 
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La principal conclusió de la present tesi doctoral és que les associacions entre cadascuna 

de les tres dimensions de classificació dels aliments i els diferents factors de risc 

cardiometabòlic són significatives fins i tot després d'ajustar per la qualitat de la dieta, 

la qual cosa indica que les tres dimensions han de considerar-se de manera independent 

al avaluar l'impacte que poden tenir els aliments sobre els factors de risc 

cardiometabòlic. 
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“You have your Lebanon and I have mine.  
You have your Lebanon with her problems, and I have my Lebanon with her beauty.  

Your Lebanon is empty and fleeting, whereas My Lebanon will endure forever.” 

 
Gibran Khalil Gibran  

1883-1931
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A. Diet and risk of cardiometabolic disease 

1. Introduction 

The first half of the 20th century witnessed a notable change in morbidity and mortality 

trends in the world's industrialized countries, transitioning from infectious diseases 

being predominant to the growing importance of chronic, non-communicable diseases 

(NCDs)1. NCDs are diseases that are not directly transmissible from one person to 

another. They have usually resulted from a combination of physiological, genetic, 

environmental and behavioral factors2. NCDs are chronic, and develop over time and 

contribute significantly to global morbidity and mortality2. According to the World 

Health Organization (WHO), NCDs are estimated to cause 74% of all deaths worldwide, 

with cancer accounting for 9.3 million deaths; chronic respiratory diseases for 4.1 million 

deaths and diabetes for 2.0 million deaths2. Cardiovascular disease (CVD) remains the 

leading cause of mortality worldwide out of all NCDs. The estimated death attributed to 

CVDs increased from approximately 12.1 million in 1990 (equally distributed between 

the sexes) to 18.6 million in 2019, comprising 9.6 million men and 8.9 million women, 

with ischemic heart disease the leading contributor to premature mortality in 146 

countries for men and 98 countries for women3.  

Cardiovascular diseases in children 

Although CVD is more prevalent in adults and in the elderly population, CVD has a long 

asymptomatic development phase and may begin during childhood, and its progression, 

even in its earliest stages, is related to the presence and severity of established 

cardiometabolic risk factors4. In Spain, according to the Global Burden of Disease (GBD), 

there are 136.42 prevalent cases of CVD per-100,000 in children aged 5 to 14 years. 

Longitudinal studies, such as the Cardiovascular Risk in Young Finns Study, have 

demonstrated the importance of early intervention and prevention efforts by following 

cardiovascular risk factors from childhood to adulthood5. 

Therefore, addressing the challenge of CVDs requires a comprehensive approach that 

compromises primary prevention, early detection and intervention and long-term 

management for all age groups.  
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2. Cardiometabolic risk factors and risk determinants 

As defined by the Centers for Disease Control (CDC) a risk factor is “an aspect of personal 

behavior or lifestyle, an environmental exposure, or an inborn or inherited characteristic 

that is associated with an increased occurrence of disease or other health-related event 

or condition6". Therefore, risk determinants include physical inactivity, smoking, 

exposure to environmental toxic contaminants, smoking and unhealthy diets. In 

addition, cardiometabolic risk factors include a range of abnormalities that increase the 

likelihood of developing CVD and metabolic disorders and usually are related to the 

exposure to risk determinants. These risk factors include: 

Dyslipidemia:  

It is well established that dyslipidemia is associated with the onset of multiple CVDs such 

as myocardial infarction and stroke7,8. The Spanish National Institute of Statistics 

reported that circulatory system disorders accounted for 26.0% of deaths in 2022 of all 

deaths in Spain9. Dyslipidemia is one of the primary modifiable cardiometabolic risk 

factors10. In Spain, total cholesterol level is greater than 200 mg/dL in 50% of the adult’s 

population11. Of them, 69% correspond to pure hypercholesterolemia, 26% to mixed 

dyslipidemia and 5% to hypertriglyceridemia7. Dietary lifestyle remains one of the most 

crucial determinants for management and prevention of dyslipidemia. Dietary 

guidelines targeting dyslipidemia such as the Mediterranean diet has been shown to 

reduce blood lipid levels12,13. 

Type 2 diabetes and glucose homeostasis parameters:  

Type 2 diabetes mellitus (T2D) is a chronic metabolic disorder representing a major 

global health challenge. In 2021, the International Diabetes Federation estimated that 1 

in 10 adults were living with T2D and this is predicted to rise to 1 in 9 adults by 203014. 

The consequences of uncontrolled T2D can lead to serious complications. Chronic 

hyperglycemia may contribute to the development of microvascular complications, 

including diabetic retinopathy or nephropathy, and macrovascular complications such 

as stroke, peripheral artery disease and myocardial infarction, among others15. Fasting 

plasma glucose is a key measure used to assess blood glucose levels after fasting. It 
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serves as an important diagnostic criterion for glycemic control. According to the 

American Diabetes Association (ADA), T2D is diagnosed when on two separate tests, 

fasting plasma glucose levels range between 100 to 125 mg/dL16. In addition, another 

measure recommended by the ADA, is the hemoglobin A1c (HbA1c). HbA1c provides an 

indication of average blood glucose levels over the preceding 2 to 3 months, reflecting 

the extent of hyperglycemia during this period. In people diagnosed with diabetes, 

HbA1c levels range 6.5% or higher16. The ADA recommends targeting HbA1c levels of 

less than 7% for most adults with diabetes16 to reduce the risk of diabetes complications. 

Furthermore, fasting plasma insulin is also an important parameter, elevated fasting 

insulin levels are often indicative of insulin resistance, which can lead to impaired 

glucose uptake and increased blood glucose levels17. Moreover, to estimate insulin 

resistance, Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) has been 

proposed as a validated method for assessing insulin resistance in research and clinical 

settings. It is a mathematical model used to estimate insulin resistance based on fasting 

plasma glucose and fasting plasma insulin levels and the usual cut-off for HOMA-IR to 

discriminate insulin resistance is usually set at >2.018. 

Hypertension:  

Hypertension is a condition characterized by a persistently elevated blood pressure 

level. Normally, blood pressure is regulated by various physiological mechanisms to 

maintain adequate perfusion of organs and tissues. However, disturbance in these 

regulatory mechanisms, often due to lifestyle factors, genetic predisposition, or 

underlying health conditions can lead to hypertension. In 2017, the American College of 

Cardiology/American Heart Association (ACC/AHA) lowered the guidelines for blood 

pressure cutoffs to diagnose hypertension from 140/90 to 130/80 mmHg19. 

Hypertension is a significant risk factor for CVDs. In Spain, WHO reported a 27% age-

standardized prevalence of hypertension among adults aged 30–79 years and the main 

cause were tobacco use, physical inactivity and obesity20. In children, a cross-sectional 

study including 1,604 Spanish children aged 4-6 years, found that the prevalence of 

hypertension was 18.2%, indicating a relatively high prevalence estimate21. 
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Adiposity parameters and obesity/abdominal obesity status:  

Adiposity parameters are measures used to assess the excess accumulation of body fat. 

These parameters include indicators such as body mass index (BMI), waist 

circumference (WC) along with waist-to-height ratio and fat mass index (FMI) in 

children. Overweight or obesity are usually diagnosed when BMI is ≥25 and <30 kg/m2 

for overweight and ≥30 kg/m2 for obesity22. On the other hand, abdominal obesity is 

defined when waist circumference is ≥88 cm for women and ≥102 cm for men23. 

Abdominal obesity, distinguished by the accumulation of fat around the abdomen, has 

been suggested as a more reliable indicator of adiposity, as overweight/obesity assessed 

by BMI does not differentiate between weight associated with muscle and weight 

associated with fat24.  In addition, according to WHO, overweight is defined for children 

aged 5–19 years as a BMI-for-age greater than 1 standard deviation above the WHO 

Growth Reference median and for children <5 years old, overweight is defined as 

weight-for-height >2 standard deviations above the WHO Child Growth Standards 

median25. Obesity is defined for children aged 5–19 years as a BMI-for-age >2 standard 

deviations above the WHO Growth Reference median and for children <5 years old, 

obesity is defined as weight-for-height greater than 3 standard deviations above the 

WHO Child Growth Standards median25. Epidemiological studies conducted in Spain 

have shed light on this issue, revealing alarming trends. The ENRICA (Estudio Nacional 

de Nutrición y Riesgo Cardiovascular en España) study reported a high prevalence of 

obesity in Spain, with approximately 22.9% of adults classified as obese based on BMI 

criteria26. Additionally, the prevalence of abdominal obesity, as measured by waist 

circumference, was found to be 36%, indicating a concerning burden26. In children, the 

Spanish ALADINO (Vigilancia de la ALimentación, Actividad física, Desarrollo INfantil y 

Obesidad) cohort assessed the anthropometric measurements of 10,899 children aged 

6-9 years from 168 primary education centers and revealed that the prevalence of 

overweight was 23.2%, of obesity 17.3% and of abdominal obesity 22.6%27. These 

findings highlight the urgent need for comprehensive public health interventions to 

address obesity and its associated cardiometabolic risks in the Spanish population. 
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Risk determinants 

There are several risk determinants that can increase the likelihood of cardiometabolic 

risk factors and CVDs. Risk determinants can be classified as either non-modifiable, such 

as age, sex, race, family history, and genetic predisposition, or modifiable.  

Modifiable risk factors are aspects of an individual's lifestyle and behavior that can be 

modified or controlled to reduce the risk of CVD such as, smoking, alcohol consumption, 

physical inactivity, sedentary behavior, and an unhealthy diet high in salt, sugar, 

saturated fat and trans-fat and low in fibers, phytochemicals and vitamins28. In addition, 

in recent years, environmental, anthropogenic contaminants and the degree of food 

processing have emerged as potential contributors to the development and progression 

of these cardiometabolic risk factors, with particular attention given to the role of 

endocrine disrupting chemicals (EDCs) 29–31 and ultra-processed foods (UPF)32–35. 

3. The role of the diet 

The role of the diet in human health is complex due to its multi-dimensional nature. 

Dietary intake is affected not only by nutrients but also by various other factors such as 

chemical contaminants, endocrine disruptors, degree of processing, formulation, 

additives, the food matrix itself and its sustainable profile. Despite decades of research 

focusing on the associations between nutrients, food groups, or dietary patterns, we are 

only beginning to scratch the surface in uncovering the multiple effects of the multi-

dimensional nature of the dietary exposome. It is important to note that no single food 

can be considered harmful, but rather it is the combination of foods and the amounts 

consumed that define a healthy or unhealthy diet36. Within food groups, there is 

considerable variation in the types and forms of foods, this variability extends to 

ingredients, nutritional composition, degree of processing, and the presence of 

chemicals and contaminants such as EDCs or its environmental impact. 

Our understanding of what constitutes a healthy diet is always progressing, as it is 

adapting to the evolving studies about the effects of various foods and dietary 

combinations on health. Current evidence suggests that diet is one of the most 

promising modifiable interventions for improving and reducing the risk of 
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cardiometabolic risk factors. However, more research is needed to assess its multi-

dimensional nature. 

B. Multi-dimensional approach of food classification 

1. The nutritional dimension of foods  

a. Definition of the nutritional dimension of foods 

The nutritional dimension of food includes a wide range of macronutrients and 

micronutrients that are essential components of a healthy diet, each playing an 

important role in supporting human health.  

Macronutrients consist of 3 main categories: carbohydrates (found in foods such as 

grains, fruits, vegetables, and legumes), proteins (found in food such as meat, poultry, 

fish, eggs, dairy products, legumes, nuts, and seeds) and fats (found in food such as oils, 

butter, avocados, nuts, seeds, and fatty fish) while micronutrients consist of vitamins, 

which are classified as water-soluble (e.g., vitamin C and B-complex vitamins) or fat-

soluble (e.g., vitamins A, D, E, and K) and are found mainly in fruits, vegetables, whole 

grains, dairy products, and meat. In addition, micronutrients include minerals, such as 

calcium, iron, potassium, magnesium, zinc, selenium, among others and are in dairy 

products, leafy greens, nuts, seeds, whole grains, and fortified foods. 

Food of public health concerns related to macronutrients and micronutrients include a 

combination of unhealthy dietary habits. Excessive intakes of salt, added sugars, 

saturated and trans fats and low intakes of fibers and vitamins are of major concern37–

39. Over the years, the nutritional dimension of food has been shown to have a significant 

impact on health. From 1990 to 2017, 11 million deaths were attributed to dietary intake 

with high sodium intake and low intake of whole grains and fruits being the leading 

dietary risks for mortality37. Consequently, addressing these public health concerns and 

informing consumers about the nutritional composition of foods is critical to reduce the 

deleterious impact of the diet. 

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



INTRODUCTION 

9 
 

b. Nutritional profile of food using front-of-pack labeling systems 

The “UNICEF Nutrition Strategy 2020-2030” among other national and international 

organizations has restated the importance of informing consumers of the nutritional 

dimension of foods not only for adults but also for children40. Furthermore, the WHO 

recommended that governments should adopt front-of-pack labeling systems as part of 

a comprehensive policy response to encourage healthier diets41. Although labels on the 

back of the products are already mandatory in all European countries according to RE 

1169/201142, there is evidence that consumers find it difficult to interpret this 

information. On the other hand, nutrition labels found on the front-of-pack of products 

are considered more helpful and efficient for consumers since nutritional information is 

simple, graphical, provides quick and easy to understand information about the 

nutritional quality of foods and beverages and it is available at a glance43–47. Emerging 

research suggests that front-of-pack labeling can play a significant role in improving 

consumer understanding of nutritional quality, it has the potential to encourage the 

selection and purchase of healthier foods while urging food industries to reformulate 

their products40. This dual impact on both consumer behavior and industry practices can 

contribute to reducing cardiometabolic risk factors. 

A five-step approach was developed by WHO to help European countries to develop and 

implement an evidence-based front-of-pack labelling system48:  

• Select the specific strategy: what is expected from a front-of-pack labelling 

system 

• Select the type of the front-of-pack labelling system graphical design  

• Determine the underlying nutrient profiling system  

• Define studies to be performed to select the final format and nutrient profile 

model 

• Establish monitoring procedures 
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In the present thesis, we focused of the fourth step approach which emphasizes defining 

study methodologies to validate a front-of-pack labelling system. To achieve this 

validation, two key steps should be considered. The validation process is built upon 

examining both the underlying nutrient profiling systems—assessing application-

content validity, association with healthier diets, prospective association with health, 

and alignment with dietary guidelines—and the graphical format. This includes studying 

consumer perception, attitudes, understanding, use in purchasing situations, and the 

potential impact on health48. 

c. The modified Food Standard Agency Nutrient Profiling System (FSAm-

NPS) underpinning the Nutri-Score label 

As mentioned above, a front-of-pack nutrition labelling system reflects the nutritional 

quality of foods using a Nutrient Profiling System (NPS)49,50. Nutrient profiling is widely 

used to support public health initiatives to promote healthy diets51. Among the available 

nutrient profiling systems, the NPS developed by the UK Food Standard Agency (FSA-

NPS) has been validated consistently in Europe52–54. This system was originally 

developed to differentiate foods on the basis of their nutritional composition in the 

context of television advertising aimed at children55. In France, after some modifications 

of the FSA-NPS by the French High Council for Public Health (Haut Conseil de la Santé 

Publique, HCSP) and demonstrating its applicability within the French context, the 

modified FSA-NPS (FSAm-NPS) was established in 2015 and a dietary index based on the 

FSAm-NPS (FSAm-NPS DI) was developed to validate the algorithm underlying the Nutri-

Score label which is now called Nutri-Score Nutrient Profiling Model Dietary Index (NS-

NPM DI)56,57. The DI based on the Nutri-Score algorithm has been shown to effectively 

reflect the nutritional quality of diets on an individual level and was linked to healthy 

dietary patterns, such as the Mediterranean diet58. The score for a given food or 

beverage is calculated by assigning points for the content per 100 g or 100 ml. This Nutri-

Score algorithm takes into account both positive values (protein (g), fiber (g), 

fruits/vegetables/pulses/nuts and olive, walnut and canola oils (%)) and negative 

components (energy (kJ), saturated fat (g), sugar (g) and salt (g) or sodium (mg)), 

resulting in a final score based on a discrete continuous scale ranging from -15 to +40 
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points, which is then translated into a grade from A to E, corresponding to a color from 

dark green to dark orange59. The NS-NPM, which underpins the Nutri-Score label has 

been shown to be effective in ranking products by nutritional quality and improving food 

purchasing in real-life grocery shopping environments60.  

d. Nutri-Score update 

Following the adoption of Nutri-Score by several European countries (including Belgium 

(2018), Spain (announced in 2018), Switzerland (2019), Germany (2020), Luxembourg 

(2021), the Netherlands (2023) and recently, Portugal (2024)), two committees were 

established: a steering committee responsible for making decisions regarding the overall 

development and implementation of Nutri-Score, and a scientific committee comprising 

independent scientists from each participating country tasked with reviewing and 

updating the algorithm, which was initially established in 2015. The primary objective of 

the scientific committee was to improve the alignment of the algorithm with national 

food-based dietary guidelines (FBDGs)61. 

In 2023, the NS-NPM has been updated to incorporate the latest scientific evidence and 

align with the primary FBDGs of European countries. The 2023 NS-NPM works in a 

similar way to its predecessor (2015 NS-NPM), however some modifications have been 

considered. These include an increase in the maximum number of points for sugar and 

salt, resulting in less favorable ratings for foods high in these components61. In addition, 

stricter criteria were applied to the allocation of points for the fiber and protein content 

to obtain positive points. Specific rules were introduced for red meat, limiting the 

maximum points it can receive in the positive category. For beverages, the presence of 

non-nutritive sweeteners was added as an additional unfavorable factor. Finally, the 

thresholds for converting the final score into a rating have been adjusted to align with 

the new algorithm61. 

e. The nutritional dimension of food and cardiometabolic risk factors 

The nutritional dimension of food plays a crucial role in the prevention of 

cardiometabolic risk factors28,62.  As stated before, consumption of food rich in salt, 
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sugar and saturated fats has been directly associated to various cardiometabolic risk 

factors, such as obesity63,64, dislipidemia64,65 and diabetes64,66. 

By assessing the nutritional content of foods using front-of-pack labeling systems, 

individuals can make informed dietary choices that can help mitigate these risk factors 

and reduce the likelihood of developing chronic diseases. 

Front-of-pack nutrient profiling systems are increasingly being used to characterize the 

nutritional dimension of foods and have long been validated as an effective tool to help 

consumers make healthier nutritional food choices52–54,56,57,60,67. The NS-NPM DI was 

developed to assess the overall dietary intake and the nutritional quality of the 

individual´s dietary habits and has been associated with different health outcomes68. In 

the NS-NPM, total energy, salt, saturated fat, and sugar are considered negative 

components whereas fiber, protein, fruits and vegetables, legumes, and some vegetable 

oils are considered positive59. All of these nutrients have been shown to be related to 

cardiometabolic risk factors in numerous studies63–66,69,70. In particular, added sugar and 

saturated fat have been previously associated with higher levels of fasting blood glucose 

and triglycerides64,71. Therefore, these associations are consistent with the nature of the 

NS-NPM and with previous findings on diet and cardiometabolic risk factors. 

2. The (Ultra)-processing/formulation dimension of foods  

a. Definition and classification of the (Ultra)-processing/formulation 

dimension of foods 

While there is no legal standard definition of “ultra-processed” foods, the authors of the 

NOVA classification system proposed a term to describe it. These authors describe ultra-

processed foods as food products that have undergone significant processing, often 

resulting in high concentrations of added salt, sugar, oils and fats or other ingredients 

derived from industrial processes, such as the hydrogenation of fats or the hydrolysis of 

proteins72–74. In addition, in general, this high degree of processing is aimed at obtaining 

ready-to-eat products that can replace other unprocessed or minimally processed foods 

and to create products that are convenient, have a longer shelf life, and are palatable. 

They are often inexpensive to produce and can be marketed for their taste and 
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convenience75–77. Different systems have been proposed for classifying foods around the 

world and they present some distinguishments between them. For example, the IARC 

system was established in Europe by the International Agency for Research on Cancer 

(IARC) using the methodology designed for the European Prospective Investigation into 

Cancer and Nutrition (EPIC) and classifies food into 3 categories78. The International 

Food Information Council Foundation (IFIC) system was developed by the IFIC 

foundation, and the classification criteria are based on the increasing complexity of food 

processing and chemical composition, it divides foods into 5 categories79,80. The 

University of North Carolina (UNC) system was also developed in the USA by the 

University of North Carolina and classifies foods according to the degree of 

physicochemical changes produced by food processing and it classifies food into 7 

categories81. The NOVA system classifies food into 4 categories (more details about the 

NOVA classification are in the next section), SIGA into 8 categories82 and FoodEx2 into 3 

categories83. The NOVA food classification system is the most commonly used in 

epidemiological studies to estimate the intake of ultra-processed foods. While the 

categorization of food according the degree of processing provides a useful framework, 

it also has several limitations. One is that it may oversimplify the complexity of food 

processing, as not all processed foods are unhealthy and it may overlook some other 

dimension of foods; for instance, some processed foods still provide essential nutrients 

and do not have a completely deficient nutritional profile such as pasteurized milk and 

frozen fresh vegetables retain high nutritional value despite being processed84,85. 

b. The NOVA classification 

To assess the (Ultra)-processing/formulation dimension of food, the NOVA classification 

was proposed in 200986,87, it was originally developed in Brazil, and it categorizes foods 

based on the extent and purpose of their processing88. It is the most widely used and 

validated system89; it consists of four distinct groups classified according to the extent 

and purpose of the industrial processing they undergo. It considers all physical, 

biological and chemical methods used during the food manufacturing process, including 

the use of additives86,88,90. 

The current version of NOVA classifies foods as follows: 
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• Unprocessed and minimally processed foods: Foods of plant or animal origin 

that undergone preservation techniques that maintain the food's integrity and 

do not introduce salt, sugar, oils, fats, or other culinary ingredients. Examples 

include fresh or frozen fruits and vegetables, cereals, beans, eggs, milk. 

• Processed culinary ingredients: Processed culinary ingredients, including oils, 

butter, sugar, and salt, are derived from foods in Group 1 or directly from nature 

through processes such as pressing, refining, grinding, milling, and drying. These 

processes aim to create products that serve to enhance the preparation, 

seasoning, and cooking of Group 1 foods, such as stews, soups, salads, breads, 

preserves, drinks, and desserts. These ingredients are not intended for 

consumption on their own but are combined with Group 1 foods. 

• Processed foods: Processed foods, such as vegetables in bottles, fish in cans, 

fruits preserved in syrup and salted nuts, are primarily created by incorporating 

substances like salt, oil, sugar, or other elements from Group 2 into Group 1 

foods. The objective of processing in this context is to enhance flavor and 

durability. 

• Ultra-processed foods: Ultra-processed foods such as sugary drinks, packaged 

snacks, fast food, frozen pizzas, reconstituted meat products, instant noodles, 

confectionery, margarines, and energy drinks are not simply modified foods 

rather they are primarily or entirely composed of substances derived from foods 

and additives, with minimal intact from Group 1 food content. These 

formulations incorporate ingredients also found in processed foods, such as 

sugars, oils, fats, or salt. Additives present in ultra-processed foods include some 

shared with processed foods, such as preservatives, antioxidants, and stabilizers. 

However, ultra-processed products go beyond by including additional sources of 

energy and nutrients not usually utilized in culinary preparations (such as 

hydrogenated oils, hydrolyzed proteins, soy protein isolate, maltodextrin, and 

high-fructose corn syrup). Additionally, unique classes of additives are found 

only in ultra-processed products, aiming to mimic or enhance sensory qualities 

or mask undesirable aspects of the final product. These additives include color 

stabilizers, flavors, non-sugar sweeteners, and various processing aids like 

carbonating agents, firming agents, bulking agents, anti-bulking agents, de-
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foaming agents, anti-caking agents, glazing agents and emulsifiers. The aim of 

ultra-processing is to craft convenient (long-lasting, ready to eat), appealing 

(highly palatable) and economically advantageous (utilizing low-cost ingredients) 

food items. 

c. The (Ultra)-processing/formulation dimension of food and 

cardiometabolic risk factors 

Processed foods have been part of the human diet since ancient times. Recently, the 

consumption of UPF has increased significantly and the issue of UPF has evolved rapidly 

to become one of the most innovative nutrition research topics91,92. Overall, most 

research that looked into the relationship between diet and health has relied on 

traditional food group classifications that do not take into account the method of 

production or the extent or type of food processing87. UPFs are becoming more common 

in modern diets, especially among children and adolescents and in families with lower 

income and education levels, where obesity is more frequent93–96. Furthermore, 

adopted in early life tend to persist over into adulthood, increasing the risk of CVD and 

other noncommunicable diseases97. In addition, some have argued that the association 

between ultra-processing dimension of foods and cardiometabolic risk factors could be 

addressed in the nutritional dimension as UPFs tend to be higher in calories, salts, sugars 

and fat. However, beyond the nutritional composition, UPFs also contain other bioactive 

substances that could affect human health and cardiometabolic health87,88,98–100. These 

substances include food additives, endocrine disrupting chemicals, compounds formed 

during the transformation or processing, and even chemicals coming from packaging. 

Therefore, given the increasing trends in the consumption of UPFs in children and adults 

and their possible health interactions, it is necessary to investigate the association 

between the consumption of UPFs and the risk of chronic diseases independently of the 

nutritional dimension of the food. 

In adults, studies have shown that UPF consumption is associated with the incident risk 

of developing general and abdominal obesity101,102, increased risk of hypertension103, 

diabetes104,105, and dyslipidemia105. In children, most studies have reported unfavorable 

associations with BMI, however, others have failed to find this association, and few have 
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focused on cardiometabolic risk factors106. Consequently, the evidence on 

cardiometabolic risk factors remains limited in both adults and children and sometimes 

controversial.  

3. The chemical contamination dimension of foods 

a. Endocrine disrupting chemicals: definition and origin 

The topic of endocrine disrupting chemicals emerged in the 1960s, after ecologists 

discovered that phenomena affecting the long-term survival of various animal species 

(such as reduced reproduction in birds, the appearance of genital disorders in 

alligators107, or sexual disruption in fish could be attributed to environmental or 

anthropometrical pollutants)108. Thus, the impact of these chemicals on the 

environmental ecosystems has generated significant concern among researchers. These 

chemicals can bioaccumulate and can be biomagnified, entering the food chain and 

reaching humans. Many of these chemicals have the capacity to alter our hormones, 

causing abnormal responses29,109. This issue gained increased attention in the 1990s, 

where the term "endocrine disruptors" was proposed at the Wingspread conference109. 

In 2002, WHO defined an EDC as “an exogenous substance or mixture that alters 

function(s) of the endocrine system and consequently causes adverse health effects in an 

intact organism, or its progeny, or (sub)populations”110.  An EDC can act in different 

ways: it can have an agonistic or antagonistic effect by binding in the same way as a 

natural hormone to its receptor and either amplify its basic response or block its action; 

it can also modify the degradation or production of a hormone or its receptor, as well as 

alter its transport111–113. Thus, by interfering with the physiological hormonal signaling 

of the endocrine system, they disrupt homeostasis and lead to various deleterious 

health effects29,113,114. Furthermore, some EDC are classified as "persistent organic 

pollutants" (POPs) due to their highly lipophilic nature and their strong ability to resist 

environmental degradation115. As a result, they are able to accumulate in fatty tissues 

and organs, particularly in adipose tissue116. EDC are a heterogeneous group of 

substances that may occur naturally (as phytoestrogens from plants, as heavy metals 

such as lead, mercury and cadmium from volcanoes, as organochlorines from forest fires 

or volcanoes, as polycyclic aromatic hydrocarbon from coal combustion or forest fires 
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and as arsenic that occurs naturally and groundwater contamination), or synthetic 

human-made compounds released into the environment through human activities, 

often without prior understanding of their impacts on ecosystems, animal welfare, or 

human health29,116. Different classes of EDC can be cited, i) such as atmospheric 

pollutants from combustion or anthropogenic origin such as Organochlorines including 

dibenzo-p-dioxins/furans ii) synthetic chemicals carried out or manufactured by 

humans, not found naturally in nature such as the Per- and polyfluoroalkyl substances 

considered as an emergent EDC.  

b. Food as a route of exposure 

The food chain is considered to be the primary route of exposure for EDCs117–123, it 

accounts for more than 90% of the total exposure due to several factors124,125. First, EDCs 

can persist in the environment for long periods of time, accumulating in soil, water, and 

plants moving eventually to the food chain126,127. Many EDCs possess lipophilic 

properties, making them prone to accumulation in fatty tissues29. This leads to higher 

concentrations of these chemicals in animal-based foods, such as meat, dairy products, 

and oily fish. Furthermore, EDCs can directly enter the food supply through food 

packaging materials or processing equipment that contains them92. In addition, the 

widespread use of EDCs in agricultural practices, such as pesticides and fertilizers, can 

directly contaminate crops and soil, further increasing the likelihood of EDCs entering 

the food chain92,119. Consequently, the complex interplay between the lipophilic nature 

of some EDCs, their persistence in the environment, their use in agriculture, and their 

presence in food packaging highlights why the food chain is the primary route of 

exposure for these chemicals. 

All routes of human exposure are uncertain128 and while dietary intake is the primary 

route of chemical exposure, there are several other routes by which an individual may 

be exposed to EDCs. Inhalation exposure to EDCs occurs when these substances are 

present in the air in the form of particles or dust and are subsequently inhaled into the 

respiratory system119. This route of exposure is significant because it allows EDCs to 

directly through the bloodstream via the lungs, bypassing the body's normal protective 

barriers30. Sources of EDCs in the air can vary widely and may include emissions from 

industrial processes, fossil fuels combustion, indoor air pollution from household 
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products, and environmental contamination from sources such as waste incineration or 

agricultural activities29. In addition, dermal exposure to EDCs occurs when these 

contaminants come into direct contact with the skin and can pass through the skin and 

into the bloodstream. Dermal exposure to EDCs can occur from a variety of sources. For 

example, individuals may encounter EDCs in personal care products such as cosmetics, 

lotions, and soaps, which often contain ingredients that act as EDCs or can be 

contaminated with them during manufacturing processes129. In addition, contaminated 

water and soil can also lead to dermal exposure, especially in occupational settings 

where individuals may come into direct contact with chemicals during activities such as 

agricultural work or handling contaminated materials119.  

Polychlorinated dibenzo-p-dioxins and furans (PCDD/F) are considered as classical types 

of EDCs that are generated from natural origins/sources; formed during, volcano 

eruptions or forest fires or formed by anthropogenic sources from industrial processes, 

such as waste, plastic incineration or thermal power plant, chemical manufacturing 

pesticides, automotive emissions, industrial applications as well as atmospheric or waste 

and water deposition which leads to an accumulation in the food chain130 (Figure 1). 

Additionally, Per- and polyfluoroalkyl substances (PFAS) are considered as emerging 

EDCs that are currently widespread distributed and used in numerous countries. They 

are originally human made chemicals used for the production of stain resistant products, 

takeout containers, Teflon products or non-stick cookware, waterproof clothing, 

furniture, carpets, paper, personal care products, firefighting foams and waste 

infrastructure by-products. As PCDD/F, PFAS can reach the environment and water 

sources leading to a bioaccumulation and biomagnification in our food chain131–134 

(Figure 2).  

c. Polychlorinated dibenzo-p-dioxins and furans (PCDD/F) 

PCDD/Fs are a group of highly toxic and persistent organic pollutants. As mentioned 

before, the most relevant reported exposure to PCDD/Fs worldwide comes from the 

food consumption, being meat, dairy, and fish products the main contributors, 

accounting for almost 80% of human exposure130. These EDCs could reach the human 

body and become significant because of the chronic exposure and the tendency of these 
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contaminants to bio-accumulate due to their lipophilic properties (octanol/water 

partition coefficient as log Pow= 6.6 and 6.92 for PCDD and PCDF, respectively135,136) and 

the high persistency potential, and resistance to degradation with an estimated half-life 

in the body ranging from 7 to 11 years137. PCCD/Fs were produced in large quantities for 

several decades with an estimated total world production of 1.2-1.5 million tons. 

However, since the 1980s, the production was banned in most European countries130. 

In 2018, the European Food Safety Authority (EFSA) Panel has set a new tolerable weekly 

intake (TWI) for PCDD/Fs in food of 2 pg/kgbody weight /week. The new TWI is seven times 

lower than the previous tolerable intake set by the panel in 2001 due to the 

epidemiological and experimental evidence of their toxicity130. 

d. Per- and polyfluoroalkyl substances (PFAS) and 

Perfluorooctanesulfonic acid (PFOS) 

PFAS are a diverse group of almost 15,000 human-made chemicals138. These compounds 

have been widely used since the 1940s as water, grease, and stain resistant, due to their 

hydrophobic and lipophobic characteristics as well as their molecular stability. They are 

ubiquitous pollutants in the domestic environment and the main human exposure to 

PFAS is through food consumption mainly from drinking water, fish, fruit, eggs, and egg 

products139,140  

Perfluorooctanesulfonic acid (PFOS) is a member of the PFAS family, it is an emerging 

EDC that has attracted considerable attention due to its widespread presence, 

particularly in food (specifically, those from animal origin)140. In addition, its structural 

similarity to naturally occurring fatty acids contributes to its prolonged elimination half-

life and its ability to bind to specific proteins and hormones, leading to its accumulation 

in the human body141,142. PFOS is a POP and is known for its remarkable persistence, 

attributed to its extended half-lives in the body estimated to range between 3.4 and 5.7 

years143. In addition, PFOSs are known for their significant hepatotoxicity and have been 

categorized as possible human carcinogens (class 2B)144, leading to regulatory control 

on their use within the European Union. While Perfluorooctanoic acid (PFOA), another 

member of PFAS family, has been banned since 2015, the usage of PFOS persists, with 
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continued manufacturing and usage in other counties outside the European Union. 

Despite the decrease of most production in the world, PFAS persists in the environment 

due to their bio-accumulative nature141,142 (octanol/water partition coefficient as log 

Pow=6.3145). PFOA and PFOS have become a major public health concern. In 2018 EFSA 

opinion set separate TWIs of 13 kgbody weight/week for PFOS and 6 kgbody weight/week for 

PFOA. However, in 2020, The EFSA assessment panel concentrated on four PFAS 

compounds (being PFOA and PFOS the most widespread and ubiquitous) and has set a 

new TWI of 4.4 ng/kgbody weight/week for PFAS140 (including PFOS, PFOA, 

Perfluorononanoic acid (PFNA) and perfluorohexane sulfonic acid (PFHxS)). 

 

Figure 1.  Human exposure to PCDD/Fs. 
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Figure 2. Human exposure to PFAS 

e. The chemical contamination dimension of foods and cardiometabolic 

risk factors 

Nowadays, it is known that there are multiple risk determinants that lead to the 

development of cardiometabolic risk factors (age, sex, smoking, sedentary lifestyle, and 

unhealthy dietary patterns etc..). However, in recent years, chemical contaminants 

present in food have started to receive some attention due to their potential 

contribution to the development and progression of cardiometabolic risk factors, with 

particular attention given to the role of EDCs, independently of the nutritional or 

processing dimension of the food.  

As mentioned above, EDCs are capable of binding to cell receptors, they could mimic or 

block the functioning of natural hormones, leading to adverse health effects29,113. 

Among the most hazardous ones, PCDD/Fs and PFOSs are considered to pose serious 

risks for humans. The main human exposure to these human-made chemicals comes 

through food mostly from animal-origin products due to their lipophilic nature130,140.  
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There is a growing body of evidence coming from the literature exploring the 

associations between PCDD/FS and increased risk of insulin resistance146, diabetes147, 

metabolic syndrome148, or CVD149.  Additionally regarding PFOS, the latter have been 

previously associated with cardiometabolic risk factors such as increased risk of 

obesity150, dyslipidemia151, and hypertension152 and prior studies have shown the 

associations between PFAS exposure and elevated risk of diabetes153,154. However, the 

results are still inconsistent across all the literature and there is limited epidemiological 

evidence concerning the senior population's dietary intake of PCDD/Fs, PFOS and 

cardiometabolic risk factors. Additionally, the associations are predominantly analyzed 

cross-sectionally, and the majority of studies conducted have not specifically examined 

dietary exposure to PCDD/Fs and PFOS. 

Despite the acknowledged vulnerability of specific groups, such as infants and pregnant 

women, to the adverse health effects of EDCs exposure, the elderly population is a 

vulnerable group often overlooked155. Therefore, it is essential to assess the association 

between EDCs and cardiometabolic risk factors in an elderly population since senior 

individuals frequently undergo prolonged lifetime exposure to different contaminants, 

including PFOS and PCDD/Fs, potentially resulting in increased cumulative effects over 

time156. Furthermore, age-related metabolic changes, diminished organ function, and 

potential alterations in immune response may affect how those EDCs are absorbed, 

distributed, and eliminated in this population156. 

4. The sustainability and environmental dimension of foods and 

cardiometabolic risk factors 

According to WHO, sustainable healthy diets are “dietary patterns that promote all 

dimensions of individuals’ health and wellbeing; have low environmental pressure and 

impact; are accessible, affordable, safe and equitable; and are culturally acceptable157”. 

Global dietary trends have shifted from predominantly plant-based diets to ones 

featuring an increased consumption of energy-dense and animal-based food, as well as 

increased consumption of added sugars, fats and UPFs with low nutritional value158. In 

parallel, global food systems contribute to 20-35% of global greenhouse gas (GHG) 

emissions, use approximately 40% of the Earth’s ice-free land area, contribute to 
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terrestrial and aquatic pollution due to excessive fertilizer and chemical usage being the 

primary cause of biodiversity loss159–161. The impact of the global dietary trends on the 

environment and human health is projected to worsen in the future if these trends 

continue162. Populations that are more urbanized have higher food demands including 

higher consumption of animal-based food, which have greater environmental footprint 

per calorie or gram of food produced163. These changes in dietary habits have been long 

associated with higher cardiometabolic risk factors. Results from the Mediterranean 

PREDIMED-Plus study showed that individuals with elevated CO2 emissions were 

observed to have higher levels of glycaemia, and the risk of having severe metabolic 

syndrome was related to high CO2 emissions164. In addition, another study conducted 

within the framework of the PREDIMED-Plus study showed that lower consumption of 

UPFs could contribute to environmental sustainability highlighting the importance of 

considering the processing level of food consumed for both health and as an 

environmental protection165. 

Therefore, adopting a low carbon diet was associated with a reduction in the severity of 

cardiometabolic risk factors. Additionally, a more sustainable diet has been shown to 

have dual benefits on health and the environment.
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It is well established that diet is an important modifiable risk determinant that might 

contribute to the development of cardiometabolic risk factors. The definition of a 

“healthy” or “unhealthy” diet depends on a combination of several dimensions. 

In fact, studies have shown that food may affect human health through several 

dimensions: the first dimension incorporates the nutritional composition and profile of 

foods, including the presence of favorable nutrients (fiber, protein, minerals, vitamins, 

etc.) or nutrients that should be limited (added sugars, saturated fats, salt, etc.). 

Secondly, the level of transformation and processing specifically UPFs that contain 

cosmetic food additives or other preservatives and colorants such as hydrogenated oils. 

Thirdly, the contamination dimension of food and the possible presence of EDCs such as 

PCDD/Fs and PFOS. 

Although the three aspects diet quality—nutritional composition, ultra-processing, and 

EDCs exposures are essential, none of them alone can fully reflect the overall health 

impact of food on its own. Independent of each other, epidemiological research has 

demonstrated the significant associations of each of these dimensions on the onset of 

cardiometabolic risk. Indeed, several studies have shown that the detrimental impact of 

UPFs consumption or EDCs exposure persist, even after adjusting for diet quality. On the 

other hand, the association of the nutritional dimension and cardiometabolic risk factors 

remains significant even after adjusting for the other food dimensions. 

Given that the associations between each of the three food dimension classifications are 

significant, the three approaches should be considered independently and equally 

important. However, the level of evidence of these dimensions varies, consequently 

further research is needed on the multi-dimensional approach of food classifications and 

their impact on cardiometabolic risk factors. 
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Figure 3. The multi-dimensional approach of food.
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Hypothesis: 

(1) The consumption of food with higher NS-NPM dietary index (lower nutritional 

quality) is associated with cardiometabolic risk factors. 

(2) The updated 2023 NS-NPM discriminate food consumption and nutrient intake 

better than the 2015 NS-NPM in a population of French children and 

adolescents. 

(3) Higher consumption of UPFs is associated with worse cardiometabolic risk 

indicators in children. 

(4) Higher dietary intake of endocrine disrupting chemicals (PCDD/Fs and PFOS) is 

associated with cardiometabolic risk factors (adiposity, obesity status and 

glucose homeostasis parameters). 

Objectives:  

(1) To prospectively assess the association between the NS-NPM dietary index and 

cardiometabolic risk factors in an elderly population with overweight/obesity 

and metabolic syndrome. 

(2) To investigate the ability of the 2015 and 2023 NS-NPM to discriminate food 

consumption and nutrient intake in a population of French children and 

adolescents. 

(3) To cross-sectionally assess the associations between UPFs consumption and 

cardiometabolic risk factors in a population of Spanish preschoolers. 

(4) To prospectively assess the association between the dietary intake of some 

important widespread endocrine disruptors (PCDD/F and PFOS) present in food 

and cardiometabolic risk factors (adiposity, obesity risk and glucose homeostasis 

parameters) in an elderly Mediterranean population. 
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The present doctoral thesis includes 5 scientific articles. 3 articles have been conducted 

within the framework of the The PREvención con DIeta MEDiterránea Plus (PREDIMED-

Plus) (objective 1 and 4), one article within the framework of the Childhood Obesity Risk 

Assessments Longitudinal Study (CORALS) cohort (objective 3), and another one within 

the framework of the French Esteban study (objective 2). 

In the following sections the methodology of each of these articles will be described 

1. The PREDIMED-Plus Study 

a. Study design and objectives 

The PREDIMED-Plus study, is a 6-year parallel-group, multi-center, randomized simple 

blind controlled clinical trial plus a 2-year of follow-up period without intervention 

conducted for the primary prevention of CVD. 

Main objectives: 

The primary objective of PREDIMED-Plus is to compare the outcomes of an intensive 

intervention with those of a control group. The study aims to assess the impact on: 

• The incidence of cardiovascular events (non-fatal myocardial infarction, non-

fatal stroke, or cardiovascular mortality). 

• Weight loss and the long-term maintenance of weight loss. 

Allocation 

Population was randomly allocated to two lifestyle intervention groups: a) Intensive 

lifestyle intervention based on an energy-reduced Mediterranean diet (er-MedDiet) 

(energy reduction of ~600 kcal/day according to each participant’s basal metabolic rate 

and physical activity level), physical activity promotion, and behavioral therapy, or b) a 

control group receiving recommendations of an ad libitum Mediterranean diet and 

standard care advice. 

Recruitment 

The recruitment process was carried out by family doctors at primary health care 

centers, who reviewed clinical records to identify potential participants meeting the 
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eligibility criteria. Subsequently, these potential participants were contacted by 

telephone to inform them about the study and to schedule an initial screening visit with 

trained study staff.  

In the PREDIMED-Plus study, three screening visits were conducted as detailed below: 

 

Figure 4. PREDIMED-Plus screening visits. 

 

The PREDIMED-Plus trial was registered at the International Standard Randomized 

Controlled Trial (ISRCTN89898870). 

As part of the trial intervention, participants in both groups attended periodic group 

sessions conducted by trained dietitians. These sessions included informative talks on 

lifestyle-related topics and motivational aspects. Additionally, to reinforce adherence to 

their assigned study group, participants were provided with free extra virgin olive oil (1 

liter/month) and raw nuts (125g/month during the first year of the intervention). 
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Study design of the analysis  

For the present doctoral thesis, data from all randomized PREDIMED-Plus participants 

was used to conduct both a cross-sectional and 1-year prospective analysis. 

b. Study population 

Participants in the PREDIMED-Plus study were randomly recruited from September 2013 

to December 2016 across 23 centers in Spain, including research institutes, hospitals, 

and primary health care centers located in Málaga, Sevilla, Navarra, Palma de Mallorca, 

Barcelona, Reus, Granada, Madrid, Vitoria, Valencia, Las Palmas de Gran Canaria, 

Córdoba, Alicante, Jaén, and León. 

The study included men (aged 55-75) and women (aged 60-75) with a BMI between 27 

and 40 kg/m², who had no prior history of cardiovascular disease (CVD) or cancer. 

Additionally, participants had to meet at least three of the following metabolic 

syndrome criteria, as defined by the AHA23: 

• Abdominal obesity (waist circumference ≥88 cm in women and ≥102 cm in men). 

• High triglyceride levels (≥150 mg/dL or drug treatment for elevated 

triglycerides). 

• Low HDL-cholesterol levels (<50 mg/dL in women and <40 mg/dL in men, or drug 

treatment for reduced HDL-cholesterol). 

• High blood pressure (systolic BP >130 mm Hg or diastolic BP >85 mm Hg, or 

antihypertensive drug treatment). 

• High fasting blood glucose (≥100 mg/dL or drug treatment for elevated glucose). 

Exclusion criteria for the study included: 

• Previous history of CVD (e.g., angina pectoris, myocardial infarction, stroke, 

peripheral arterial disease, ventricular arrhythmias, atrial fibrillation, heart 

failure, hypertrophic cardiomyopathy, aortic aneurism). 

• Active cancer or a history of malignant tumors within the last five years, except 

non-melanoma skin cancer. 

• Endocrine-related obesity (except for treated hypothyroidism). 
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• History of inflammatory bowel disease or bowel resection. 

• History of weight-loss surgery or planned bariatric surgery within the next 12 

months. 

• Inability to adhere to the Mediterranean diet due to religious reasons, 

swallowing problems, or food allergies. 

• Inability to perform physical activity. 

• Alcohol dependence or daily alcohol intake >50 g. 

• Drug abuse within the past six months. 

• Cirrhosis or liver failure. 

• Life expectancy of less than one year. 

• Severe psychiatric disorders (e.g., schizophrenia, eating disorders, severe 

depression). 

• Immunodeficiency or HIV-positive status. 

• History of organ transplantation. 

• Concurrent treatment with immunosuppressive drugs or cytotoxic agents. 

• Current use of weight loss medication. 

After completing the three screening visits, a total of 6,874 participants met the 

eligibility criteria and were randomly assigned to either the intervention or control 

group using a centrally assigned, computer-generated random number sequence with a 

1:1 ratio. Participants in the intervention group were stratified by center, sex, and age 

group. Couples were randomized in the same group as clusters. 

Study population for the analysis conducted in this doctoral thesis 

For objective 1: 

A total of 953 participants who did not complete a food frequency questionnaire (FFQ) 

at baseline and after 1 year of follow-up or with total calorie intake outside the pre-

specified energy limits (women < 500 and >3,500 kcal/day, and men < 800 and >4,000 

kcal/day)166 were excluded from the analyses. Therefore, 5,921 participants aged 55-75 

years with overweight/obesity and metabolic syndrome from the PREDIMED-Plus 

cohort were included in this study. 
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For objective 4:  

Paper #4: 

Participants without complete FFQs at baseline and after 1-year of follow-up or those 

with an energy intake outside the pre-specified energy limits (less than 500 and more 

than 3500 kcal/day, and less than 800 and higher than 4000 kcal/day in women and men 

respectively)166 and participants without data for BMI and waist circumference after 1 

year of follow-up n=22 were excluded. Therefore, 5,899 participants aged 55–75 years 

(48% women) living with overweight/obesity from the PREDIMED-Plus cohort were 

included in this study. 

Paper #5: 

A total of 4,600 participants without diabetes were included in the cross-sectional 

analysis. Participants had complete baseline data from FFQs. In addition, participants 

were excluded if their energy intake appeared implausible (women < 500 and >3,500 

kcal/day, and men < 800 and >4,000 kcal/day)166. Additionally, individuals with T2D were 

excluded from the analysis. For the prospective analysis, out of the initial 4,600 

participants, 504 were further excluded due to insufficient FFQ information, implausible 

energy intake, or because they had started insulin treatment during the one-year follow-

up period. Therefore, 4,600 participants were included in the prospective analysis and 

4,096 participants were included in the prospective analysis. 

c. Exposure assessment 

Dietary Index Based on the Modified FSA-NPS Computation (2015 NS-NPM) (objective 

1): 

The FSAm-NPS (or the 2015 NS-NPM) is a modified version of the original FSA-NPS. In 

2015, modifications made by the French National Nutrition and Health Program and the 

French High Council for Public Health modified the scoring standards for cheese, added 

fats, and beverages. For all foods and beverages in the PREDIMED-Plus FFQ, the FSAm-

NPS was computed per 100 grams of the product. Points were allocated as follows: 0–

40 points for the content of critical nutrients that should be limited (0–10 points each 

for sugars, saturated fats, sodium, and energy), and 0–15 points for the content of 

beneficial nutrients that should be encouraged (0–5 points each for fibers, proteins, and 
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the percentage of fruits, vegetables, legumes, nuts, rapeseeds, walnuts, and olive oil in 

the total product)59. The total score was determined by subtracting the “negative” 

scores (nutrients to avoid) from the “positive” scores (nutrients to promote). 

Consequently, the final FSAm-NPS for each food/beverage was calculated on a scale 

ranging from -15 (healthiest) to 40 (least healthy).  

To generate a dietary index at the individual level, the FSAm-NPS DI (or the 2015 NS-

NPM DI) was calculated for each participant, taking into account their entire diet. This 

was done using energy-weighted means of the FSAm-NPS for all foods and beverages 

consumed using the following equation: 

Dietary Index =
∑ 𝐹𝑆𝑖𝐸𝑖𝑛
𝑖=1

∑ 𝐸𝑖𝑛
𝑖=1

     (Equation 1) 

    

Where “i” signifies a food or beverage consumed by the participant, “FSi” the food (or 

beverage) score, “Ei”, the mean daily energy intake from this food (or beverage) and “n” 

the number of different foods.  

Therefore, higher FSAm-NPS-DI reflect lower nutritional quality of the individual’s 

overall diet.  

Dietary intake of endocrine disrupting chemicals (objective 4):  

A detailed explanation of the estimation of the dietary intake of PCDD/Fs and PFOS 

conducted for the present doctoral thesis is reflected in each of the publications 

included in the results section. 

Briefly, the dietary intake was estimated using the FFQ accounting for the frequency of 

dietary consumption of each food item (in g/day) and the levels of PCDD/F or PFOS. 

Estimation of the dietary intake of PCDD/Fs 

For the estimation of the dietary intake of PCDD/Fs, the levels were expressed as Toxic 

Equivalents (TEQ). The TEQ is established by the World Health Organization (WHO)167 to 

assess total PCDD/F exposure by the sum of an individual's congener concentration 

multiplied by their relative toxicity factor.  
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TEQ for each food item was obtained from the most updated studies, prioritizing those 

from the Mediterranean region since the participants are from Spain and typically follow 

a Mediterranean diet. The hierarchy for gathering TEQ data was: data from Spain > other 

Mediterranean countries > Europe > other available data. 

The estimated dietary intake of PCDD/F (expressed in TEQ pg/week) was the sum of 

each TEQ (in TEQ pg/day) from a specific food item multiplied by the amount of each 

specific food consumed for each participant (in g/day) multiplied by seven considering 

the following equation: 

Dietary intake of PCDD/F (pg /week) = ∑TEQi * Ai) * 7 (Equation 2) 

Where TEQi represents the toxic equivalency of a specific food item (in pg PCDD/F/g), Ai 

represents the amount of a specific food consumed (in g/day) and it was multiplied by 7 

to obtain the weekly dietary intake of PCDD/F in pg TEQ/week. 

Estimation of the dietary intake of PFOS 

For the estimation of the dietary intake of PFOS, we considered the most recent data on 

PFOS levels in food (measured in ng/g) from the EFSA. Food items were grouped into 

appropriate categories based on EFSA guidelines140.  

PFOS levels for each food group were provided from earlier EFSA reports, which 

analyzed PFOS concentrations in different food samples from European regions 

between 2012 and 2020. We primarily used data from 2020 as it provided the most 

recent. For the dietary intake estimation, we used the mean of the lower bound (LB) and 

upper bound (UB) levels within food categories defined by EFSA140. 

The terms “lower bound” and “upper bound” refer to the detection range of PFOS. The 

LB represents the lowest value, while the UB represents the highest estimated value for 

PFOS levels. The mean LB is considered the least conservative or "best-case scenario" 

because it assumes a concentration of zero for non-detects. The mean UB is the most 

conservative or "worst-case scenario" because it assumes the concentration for non-

detects is at the limit of detection (LOD)140. Therefore, in this study, both LB and UB were 

considered to estimate the lower and upper limits of dietary intake and exposure to 

PFOS in our study population. 
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The estimated DI of PFOS UB and LB (expressed in ng/day) was obtained from the 

following equation: 

DI PFOSLB/UB (ng /day) = ∑Ci * Ai      (Equation 3) 

Where DI represents the downward (LB) / upward (UB) Dietary intake of PFOS in ng/day; 

Ci represents the PFOS concentration of a specific food group (in ng/g); Ai signifies the 

quantity of a particular food item consumed, measured in grams per day (g/day). 

d. Cardiometabolic risk factors outcomes (for objective 1 and 4) 

For this doctoral thesis, all cardiometabolic risk factors were assessed at baseline and 

after 1-year of follow-up. 

Waist Circumference 

Waist circumference was measured midway between the lowest rib and the iliac crest 

using an anthropometric tape. 

Body Mass Index  

Body weight was measured twice with light clothes using high-quality electronic 

calibrated scales and the mean of both measurements was used. Height was measured 

twice using a wall-mounted stadiometer. BMI was then calculated by dividing weight in 

kilograms by height in meters squared.  

Prevalence/incidence of obesity and abdominal obesity 

Prevalence of obesity and abdominal obesity were defined as participants having higher 

levels of BMI and waist circumference at baseline Obesity was defined when BMI was 

higher than or equal to 30 kg/m2. On the other hand, abdominal obesity was defined 

when waist circumference was higher than or equal to 88 cm for women and higher than 

or equals to 102 cm for men168. In addition, the incidence of obesity and abdominal 

obesity was defined when participants did not present these conditions (obesity and 

abdominal obesity) at baseline but presented higher levels of BMI and waist 

circumference than those indicated above after 1-year of follow-up. 
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Systolic and Diastolic Blood Pressure  

Blood pressure was measured three times using a validated semiautomatic oscillometer 

(Omron HEM-705CP, Kyoto, Japan), with the mean of the repeated measures used. 

Blood lipids 

HDL-cholesterol and triglyceride were measured using standard enzymatic methods. 

LDL-cholesterol was calculated using the Friedewald formula when triglycerides were 

less than 300 mg/dL; for triglycerides over 300 mg/dL, LDL-cholesterol was measured 

using the standard method. 

Glucose homeostasis parameters 

Samples for fasting plasma glucose and HbA1c were obtained from our study cohort 

population and analyzed by a routine laboratory method. The fasting plasma insulin 

levels were measured centrally using an Elecsys immunoanalyzer (Roche Diagnostics, 

Meylan, France) with the assistance of an electrochemiluminescence immunoassay. To 

estimate insulin resistance, the HOMA-IR index was used following this formula18: 

HOMA-IR= (Insulin(mU/mL) * glucose(mg/dL)) / 405 (Equation 4). 

e. Covariates 

At baseline, at 6 months, and annually, participants had face-to-face visits with trained 

PREDIMED-Plus staff (dietitians and nurses) at the primary care centers. During these 

visits, various questionnaires were administered, and several anthropometric and 

biochemical measurements were collected. 

Sociodemographic and lifestyle data and family history of type 2 diabetes and 

cardiovascular diseases 

General and follow-up questionnaires were performed to collect data about the study 

participants. These questionnaires included items related to personal and medical data, 

such as socioeconomic status, education level, marital status, family history of disease, 

illness history, smoking status, alcohol consumption, previous and current CVD risk 

factors, medication use, and the occurrence of new cardiovascular events or other 

medical conditions. 
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Adherence to the Mediterranean diet measurement 

A validated short questionnaire was used to assess the adherence to the Mediterranean 

diet. The control group completed the 14-item validated Spanish version questionnaire, 

while the intervention group answered the 17-item energy-reduced Mediterranean diet 

questionnaire (erMEDAS)169. 

Physical activity assessment 

A validated Spanish version of the Minnesota Leisure-time Physical Activity 

Questionnaire169 was administered to each participant. This questionnaire included 

information about the monthly frequency (number of days) and duration (min/day) of 

several physical activities during the previous month. Total physical activity was 

estimated as the summed product of frequency and duration divided by 30 to obtain 

the amount of min/day. The intensity of each activity (expressed in metabolic equivalent 

task, MET) was assigned based on the Compendium of Physical Activity170.  

Dietary intake assessment 

Dietary intake was assessed at baseline and after 1 year of follow-up using a validated 

FFQ administered face-to-face by trained dietitians171. The participants reported their 

average consumption in terms of frequency and quantity for 143 food and beverage 

items during the previous year. The frequency of consumption was shown through nine 

categories ranging from never or almost never to more than six times a day, and a 

commonly used portion size was specified (e.g., slices, glass, and teaspoons) to indicate 

serving sizes for each of the items. The nutrient intake was calculated as the sum of the 

frequency of daily consumption of each item multiplied by the nutrient composition of 

the specified serving size according to the Spanish food composition database172. The 

total energy intake was also estimated from the quantity and frequency of food and 

beverage consumption. 

For the water intake assessment, a fluid-specific questionnaire that has been already 

validated as a tool for assessing intake of water and other types of beverages, was used 

in our population173. 
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Table 1. Data collection used for the present doctoral thesis at baseline and after 1-year 

of follow-up in the PREDIMED-Plus trial 

 

 

 

2. Childhood Obesity Risk Assessments Longitudinal Study (CORALS) 

a. Study design and objectives 

The CORALS is an ongoing prospective, multicenter study with a 10-year follow-up 

period. 

The objectives of this study are as follows: 

Main objective:  

• To longitudinally identify the risk factors for childhood obesity on long term in 

children initially aged 3 to 6 years old.  

Secondary objectives: 

• To assess the associations between perinatal risk factors, socioeconomic, 

cultural, and environmental factors, and the risk of developing obesity and its 

comorbidities. 
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• To assess the associations between lifestyle factors (diet, physical activity, 

sedentary behavior, sleep) and the risk of developing obesity and its 

comorbidities. 

• To evaluate the association between genetic polymorphisms, metabolomic 

profiles, and metagenomic profiles (determined through omics techniques) and 

the development of obesity and its comorbidities. 

The Ethics Committee of each recruitment center approved the study protocol 

(references: 051/2019, 4155/2019, 2019/18, 9/19, 19/162, 19/27, and 2019/131), 

which was conducted following the standards of the Declaration of Helsinki174.  

 

Study design of the analysis conducted in this doctoral thesis 

For the present doctoral thesis, data from all CORALS participants was used to conduct 

the cross-sectional analysis. 

b. Study population 

Between March 22, 2019, and June 30, 2022, eligible participants aged 3 to 6 years at 

enrollment were recruited from schools across 7 cities in Spain.  

To be enrolled in the study, participants had to meet the inclusion criteria: 

• Be aged 3 to 6 years old at the time of inclusion.  

• Compliance and completion of several questionnaires (the leisure-time physical 

activity questionnaire, sociodemographic questionnaire). 

• Attendance to the scheduled inclusion visit. 

• Submission of signed informed consent by parents or caregivers. 

 

Exclusion criteria include: 

• Children from families facing difficulties in participating or complying with the 

study protocol. 

• Children experiencing comprehension and language difficulties.  

• Unstable living conditions. 

Since this study is school-based and aims to avoid stigmatizing children with any health 

issues (such as chronic conditions like diabetes, hypertension, hypercholesterolemia, 
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asthma, or cancer that could potentially interfere with the results), the exclusion of such 

children from the analysis has been considered once the results have been obtained. 

 

Study population for the analysis conducted in this doctoral thesis 

A total of 1,426 participants were included in the cross-sectional analysis after excluding 

54 participants lacking food and beverage frequency questionnaire (F&B-FQ) and 29 

participants with missing data or implausible reported energy intake. 

c. Exposure assessment  

UPF consumption: 

The NOVA classification system was used to determine the consumption of food 

according on their degree of processing175. The categorization of food items was carried 

out by two different dietitians. In addition, a further dietitian carried out a thorough 

revision to ensure accuracy. Any discrepancies in the classification of particular food 

items were resolved through extensive discussions among the researchers, ultimately 

resulting in decisions based on consensus. The final categorization of food items 

according to the NOVA classification is shown below: 

Table 2.  Distribution of F&B-FQ items into four groups according to the degree of their processing 
established by NOVA classification system. 

 
Group 1: Unprocessed 
or minimally processed 
foods 

Milk (whole, semi-skimmed, skimmed), yogurt (without added sugar, skimmed), 
eggs, chicken (with and without skin), fresh meat (cow, turkey, pork, lamb, rabbit), 
liver meat, offal meat, fresh fish, oysters, calamari, fresh shrimps, fresh vegetables, 
gazpacho, fruits, dates, nuts, legumes, rice (white and whole), pasta (white and 
whole), water, fresh juices, coffee, tea and infusions. 

Group 2: Processed 
culinary ingredients 

Olive oil (extra virgin and refined), corn oil, sunflower oil, soybean oil, butter, salt, 
cacao and sugar. 

Group 3: Processed 
foods 

Condensed milk, lactose free yogurt, cooking cream, curd, cheeses (white cheese), 
ham serrano, bacon, salted fish, canned fish, homemade fries, fruits in syrup, olives, 
bread (white and whole), cereals (with no added sugars and whole) and non-dairy 
milk. 

Group 4: Ultra-
processed food and 
drink products 

Milkshakes, yogurt (whole and with added sugars), fermented milk, cheese (Petite 
Suisse, soft cheese), custard, ice cream, ham, processed meat, pate, hamburger, 
surimi, potato chips, loaf of bread, bread sticks, cereals (with added sugar, flavored-
stuffed cereals), pizza, margarine, biscuits (plain, whole, with chocolate), pastries, 
donuts, muffins, cakes, churros, chocolate, butter cookies, croquettes, ready-to-eat 
soups, mustard, mayonnaise, ketchup, jams, chocolate cream, snacks, candies, 
sparkling water, flavored water, bottled juices, soft drinks 
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d. Cardiometabolic risk factors outcomes  

Assessment of adiposity measurements: 

Weight and body fat mass content were assessed using a precision scale and an 

octopolar multifrequency bioelectrical impedance device (MC780MAS; Tanita). Height 

was measured with a portable SECA 213 stadiometer following standardized 

procedures. BMI was calculated and classified as underweight/normal weight or 

overweight/obesity based on pediatric cutoff points176. Waist circumference was 

measured using a flexible non-extensible measuring tape. Waist-to-height ratio was 

calculated by dividing the waist circumference (in centimeters) by the height (in 

centimeters)177. Fat Mass Index was estimated by dividing the body fat mass (in 

kilograms) by the square of the height (in meters)178. 

Assessment of cardiometabolic risk factors: 

Blood pressure was measured three times in the non-dominant arm, with a 5-minute 

interval between each measurement, with an automatic oscillometer (M3 Intelligence 

HEM-75051-EV; Omron Healthcare Europe) and using child-specific cuff. The average of 

the three measurements was then estimated. 

Blood samples were collected from participants after an 8-hour fast. Serum 

concentrations of total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglycerides 

were measured using standard procedures. Plasma samples were used to assess fasting 

plasma glucose and fasting plasma insulin levels. Homeostatic Model Assessment for 

Insulin Resistance (HOMA-IR) was calculated as fasting insulin (μIU ml−1) × fasting 

glucose (mmol l−1)/22.5 (Equation 5). 

Measurements of adiposity and assessments of cardiometabolic risk factors were 

conducted at Healthcare Centers. 

 
Group 1 includes unprocessed or minimally processed foods consisting of natural and whole foods that have undergone little to no 
processing. Group 2 includes processed culinary ingredients, this group comprises substances extracted from Group 1 foods or nature, 
used to season and cook foods. Group 3 includes processed food that is manufactured by combining Group 1 or 2 ingredients and may 
involve some processing methods. Group 4 includes ultra-processed foods (UPF), this group consists of industrial formulations that are 
characterized by a high energy content, rich in saturated fats, added sugars, salt, with a low amount of fiber and vitamins, which may also 
contain additives like artificial colors and flavors or stabilizers. Ultra-processed foods are typically ready-to-eat or require minimal 
preparation (sugary drinks, packaged snacks, fast food, frozen pizzas, and many convenience foods). 
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e. Covariates 

Early life and maternal factors 

Questionnaires were used to evaluate early life factors and family factors, including birth 

weight (in kilograms), and specific maternal characteristics such as weight gain during 

pregnancy (in kilograms), maternal weight (in kilograms), height (in meters), educational 

level (primary or lower, secondary, academic-graduate, or not reported), socio-

professional category (homemaker, student, retired, unemployed, or employee) and the 

duration of breastfeeding (in months). Maternal weight status was assessed using BMI 

and classified as underweight/normal weight (<25 kg/m2) or overweight/obesity (≥25 

kg/m2).  

Physical activity assessment 

To assess physical activity, the total time (hours) of sports and physical activities per 

week was estimated using a previously validated questionnaire179. The total weekly 

duration of physical activity (in hours) was calculated by adding the time spent in 

physical education classes and extracurricular sports and physical activities. 

Dietary intake assessment 

To estimate the dietary intake, trained dietitians used a validated semi-quantitative 125-

item COME-Kids F&B-FQ180. 

Parents or caregivers were asked to indicate, on average, how frequently the participant 

had consumed the specified serving of each item over the past year, rating their 

consumption frequency on a scale of 9 options ranging from "never" to "more than 6 

times per day ". This questionnaire was designed in machine-readable format to be later 

scanned using the Evaldara® software. This software efficiently extracts the reported 

consumption, which was then integrated into the program e-Diet Base181 to obtain the 

nutrient and energy values. 

 

Diet quality assessment 

An 18-item questionnaire for children was used to assess adherence to the 

Mediterranean diet, an indicator of diet quality175. 
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3. Esteban Study 

a. Study design and objectives 

Esteban is a cross-sectional study conducted between 2014 to 2016 on a nationally 

representative sample of children aged 6 to 17 years old and adults aged 18 to 74 years 

old. 

The objectives of this study are: 

Main objectives: 

• Describe the dietary intake, physical activity, sedentary behavior, and nutritional 

status of the population living in France. 

• Estimate the levels of exposure of the population living in metropolitan France 

(6-74 years old) to environmental substances with presumed and/or observed 

impact on health and establish reference values. 

• Estimate the prevalence of chronic diseases (diabetes, chronic kidney disease, 

asthma) and cardiometabolic risk factors (hypertension, dyslipidemia), as well as 

their undiagnosed proportion among adults. 

• Estimate the prevalence of asthma, atopy, and allergic diseases among children. 

Secondary objectives: 

• Analyze the determinants of exposure, chronic diseases, and dietary behaviors. 

• Compare the results with data from surveys conducted internationally. 

• To have the necessary indicators to define and understand the monitoring of 

public health policies (Public Health Law, National Nutrition and Health Program, 

Obesity Plan, chemical management plans, etc.). 

• Alert health authorities in case of emerging phenomena. 

The three-stage sampling was implemented as follows: At the first stage, 190 geographic 

zones (municipalities or groups of municipalities) were randomly selected, stratified by 

eight large regions and by degree of urbanization (from "rural" to "cities of more than 

100,000 inhabitants," with Paris as an additional category). The number of individuals 

included in each stratum was determined proportionally to the population size, with a 
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minimum of twenty-four dwellings to be surveyed. In the second stage, a random 

sample of households was selected by telephone. In each stratified sample, two 

household samples were independently drawn. These households included at least one 

adult aged 18-74 years. Household selection was achieved through the random 

generation of telephone numbers. The primary sample consisted of households 

reachable by landline telephone. To ensure the inclusion of households without a 

geographic landline, a supplementary sample was created. This "exclusive mobile" 

sample comprised households only reachable via mobile phone. At the third stage, a 

single individual (an adult or child, depending on the household sample) was selected 

randomly from among the eligible household members using Kish's method182. 

 

Figure 5. Protocol of data collection in the Esteban study (2014-2016) 

This study received approval from the Advisory Committee on Information Treatment in 

Health Research (CCTIRS n° 13,002,294), the French Data Protection Authority (Cnil n° 

2013–040), and the Personal Protection Committee (CPP n°2012-A00456-34). All 

participants provided informed consent. 

Inclusion criteria: 

• Reside in metropolitan France during the study period.  
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• Be aged 6 to 74 years old at the time of inclusion. 

• Reside in a regular household reachable by a landline geographic phone or a 

mobile phone. 

• Reside at least 4 days per week in their usual residence. 

• Be able to understand, over the phone, the implications of participating in the 

study (hearing, understanding the French language) and be able to give consent. 

• Have provided written consent to participate in the entire study, agreeing to 

complete the questionnaire survey component, including a home presentation 

visit, a dietary survey, administration of self-questionnaires, a second home visit, 

and a health examination including biological samples. 

• For children aged 6 to 17 years old: written consent for participation is given by 

both parents of the child (or by their legal representatives). 

Exclusion criteria: 

• Have a condition that makes it impossible to complete the study (conditions 

involving enteral or parenteral nutrition, contraindication to blood sampling, 

etc.). 

• Have plans to move within 2 months following inclusion outside the geographical 

areas of the study. 

• Be unavailable (long travel abroad, etc.) during the 2 months following inclusion. 

b. Study population 

The target population of the Esteban study consists of all individuals residing in 

metropolitan France aged 6 to 74 years old and living in a regular household during the 

study period. 

Study population for the analysis conducted in this doctoral thesis 

For the study conducted within the framework of Esteban study (paper #2, objective 2), 

a total of 1,279 children and adolescents were included in the analysis. We included for 

this cross-sectional analysis data from only participants aged 17 and below and who 

provided at least two 24-h dietary records as a measurement of baseline dietary intake. 

Under-reporters for energy intake were identified using the Black method and excluded 
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from the analysis. In addition, data were weighted to account for potential selection bias 

and for the complex survey design and calibration using the “svyset” procedure in  tata. 

c. Exposure assessment 

- NS-NPM underpinning the Nutri-Score 

The scoring for a given food or beverage is determined by assigning points based on its 

content per 100 g or 100 ml. This algorithm takes into account both positive scoring 

components and negative components59, the points from the "favorable" component 

are subtracted from those of the "unfavorable" component, thus leading to a final score 

based on a discrete continuous scale going from -15 to +40 points59. This final score is 

then translated into a grade from A to E, corresponding to a color from dark green to 

dark orange.  

- 2023 NS-NPM underpinning the Nutri-Score update 

The 2023 NS-NPM aimed to integrate the latest scientific evidence and align with the 

primary food-based dietary guidelines of European countries.  

The updated algorithm functions similarly to its predecessor, however some 

modifications have been considered. These include an increase in the maximal number 

of points for sugar and salt, resulting in less favorable ratings for foods high in these 

components. Additionally, stricter criteria were applied to the allocation of points for 

the fiber and protein components, requiring a higher content of fiber or protein to earn 

positive points. Specific rules were introduced for red meat, limiting the maximum 

points it could receive in the positive category. For beverages, the presence of non-

nutritive sweeteners was added as an extra unfavorable factor. Finally, the thresholds 

for converting the final score into a rating were adjusted to align with the new 

algorithm61.  
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Figure 6. Nutri-Score updated algorithm for general foods, fats, oils, nuts and seeds, and 
beverages. N points refer to points attributed to unfavourable nutritional elements and P 
points refer to (negative) points attributed to favourable nutritional elements. Credit: Logo 
Nutri-Score, Santé publique France 2017. Source: Merz, B., Temme, E., Alexiou, H. et al. Nutri-
Score 2023 update. Nat Food 5, 102–110 (2024). https://doi.org/10.1038/s43016-024-00920-3 
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In order to take into account, the differing range of distribution of values of the (2023 

or 2015) NS-NPM in foods and beverages, we converted the (2023 or 2015) NS-NPM 

scores to a standardized scale of 0–100 for foods and beverages respectively. Therefore, 

a range from the healthiest (0 points), to least healthy (100 points) was used, following 

this formula183: 

Standardized score =
𝑆𝑐𝑜𝑟𝑒−𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒−𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑠𝑐𝑜𝑟𝑒
∗ 100 (Equation 6) 

- Dietary index computation (at the individual level)  

To obtain a dietary score at the individual level, the 2015 and 2023 NS-NPM DI was 

computed as an energy-weighted mean of the NS-NPM scores of all foods and beverages 

consumed by each participant, using the following equation:  

Dietary Index =
∑ 𝑁𝑆−𝑁𝑃𝑀𝑖 ∗ 𝐸𝑖𝑛
𝑖=1

∑ 𝐸𝑖𝑛
𝑖=1

    (Equation 7) 

Where “i” signifies a food or beverage consumed by the participant, “NS-NPMi” 

represents the score of the food (or beverage), “Ei” signifies the mean daily energy intake 

from this food (or beverage) and “n” the number of different foods consumed.  

Therefore, higher NS-NPM DI scores reflected lower nutritional quality in the total foods 

consumed. The dietary index reflects the whole diet excluding only alcoholic beverages 

and herbs/spices. Consequently, both the 2015 and 2023 NS-NPM DI provide a 

comprehensive representation of the overall dietary patterns. 

d. Covariates 

Sociodemographic and lifestyle data 

Social and demographic data were obtained through face-to-face questionnaires, which 

covered information about sex, age, educational level and occupational situation of the 

head of household. 

Dietary data  
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The dietary survey consists of three 24-hour recordings for children aged 6-10 years and 

three 24-hour recalls for individuals aged 11-74 years, randomly distributed over three 

weeks. According to European recommendations184, the days for the 24-hour recalls 

(two weekdays and one weekend day) are randomly selected, with the two weekday 

survey days being at least two weeks apart. Participants are not informed in advance of 

the survey days to minimize alterations to their diet. Participants are asked to describe 

what they consumed the day before the interview, from midnight to midnight, 

specifying, for each time of day (main meals and intervals between them, including at 

night), the nature and quantities of foods and beverages consumed (including water). 

Dietary consumption is entered into the NutriXpert© software (Medical Expert Systems, 

Paris). For participants aged 11 and older, the recalls are self-reported, potentially with 

parental assistance for younger participants, on a dedicated and secure website or 

collected by telephone by a trained dietitian. In this case, a validated photographic 

portion manual for the SU.VI.MAX study is provided to the participant by the dietitian 

investigator during the introductory visit and retrieved during the second home visit185. 

The comparability of dietary consumption data obtained through internet self-reporting 

and telephone interviews by a dietitian has been previously evaluated and deemed 

satisfactory186. For children aged 6 to 10 years, the recording is self-reported by the 

parents on a dedicated website or collected in a logbook retrieved at home by the 

dietitian investigator during a second visit. The quality of the logbooks is verified in the 

presence of the child's parents to help complete the collected data. Consequently, the 

average mean dietary intakes from the 24-hours dietary records of each participant 

were conducted and considered as a baseline usual dietary intake. Amounts consumed 

from composite dishes were estimated using pre-validated French recipes. Homemade 

dishes were deconstructed to list the specific ingredients used in their preparation187. 

Mean daily intakes were estimated using a detailed food composition table.  

4. General statistical analysis 

All the studies included in this doctoral thesis have a cross-sectional or prospective 

cohort design. Statistical analyses conducted are extensively described in each 

publication presented in the results section. All the analyses were performed using the 

statistical software Stata version 14.2 (StataCorp LP).  
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Briefly, 

• To compare differences between exposure categories in the baseline 

characteristics of the study population, as well as in dietary and lifestyle factors, 

ANOVA or Pearson chi-square tests were used for continuous and categorical 

variables, respectively.  

• In the cross-sectional analysis, associations between the exposures (in tertiles 

and continuous) and cardiometabolic outcomes were assessed at baseline using 

multivariable cox or linear regression models adjusted for potential confounder 

factors were used.  

• In the prospective analysis, associations between the exposures (in tertiles and 

continuous) and changes or incidence of cardiometabolic outcomes were 

assessed using multivariable linear or logistic regression models.  

• Dietary intake of endocrine disrupting chemicals (PCDD/Fs or PFOS) and the 

consumption of UPFs were adjusted for energy intake using the residuals 

method188.  

• Age- and sex-specific z scores of each cardiometabolic outcome were estimated 

from standardized residuals conducted using linear regression models in the 

CORALS cohort. 

• Simulation model was fitted to substitute 100 g of consumed UPFs with 100 g of 

unprocessed or minimally processed food to examine the association of 

healthier food consumption with the outcomes. The theoretical impact of 

substituting 1 food group for another was assessed by introducing both variables 

simultaneously as continuous variables into the model.  

• To assess the linear trend, it was assigned the median value to each exposure 

category and the new variables were modeled as continuous.  

• Interaction between covariates and exposure variables was tested with 

likelihood ratio tests, which involved comparing models with and without cross-

product terms.
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Chapter 1: Association between the nutritional dimension of foods assessed 

with FSAm-NPS dietary index and cardiometabolic risk factors 

a. Article 1 

Title: Associations Between the Modified Food Standard Agency Nutrient Profiling 

System Dietary Index and Cardiovascular Risk Factors in an Elderly Population  
 

Nadine Khoury, Clara Gómez-Donoso, María Ángeles Martínez, Miguel Ángel Martínez-

González, Dolores Corella, Montserrat Fitó, J Alfredo Martínez, Ángel M Alonso-Gómez, Julia 

Wärnberg, Jesús Vioque, Dora Romaguera, Ana León-Acuña, Francisco J Tinahones, José M 

Santos-Lozano, Luís Serra-Majem, Paloma Massó Guijarro, Josep A Tur, Vicente Martín Sánchez, 

Xavier Pintó, Miguel Delgado-Rodríguez, Pilar Matía-Martín, Josep Vidal, Clotilde Vázquez, Lidia 

Daimiel, Emili Ros, Maira Bes-Rastrollo, Rocio Barragan, Olga Castañer, Jose D Torres-Peña, Leyre 

Notario-Barandiaran, Carlos Muñoz-Bravo, Itziar Abete, Lara Prohens, Naomi Cano-Ibáñez, Lucas 

Tojal Sierra, José Carlos Fernández-García, Carmen Sayon-Orea, Maria Pascual, Jose V Sorli, 

Dolores Zomeño, Patricia J Peña-Orihuela, Antonio J Signes-Pastor, F Javier Basterra-Gortari, 

Helmut Schröeder, Jordi Salas Salvadó, Nancy Babio 

Journal: Frontiers in Nutrition 

Category: Nutrition & Dietetics 

Range position: 28/88. Quartile 2. 

Impact factor: 5.0 

Doi: 10.3389/fnut.2022.897089 

Summary: 

Compared to participants with a higher nutritional quality of diet (measured by a lower 

FSAm-NPS DI at baseline or a decrease in FSAm-NPS DI after 1 year), those participants 

with a lower nutritional quality of diet (higher FSAm-NPS DI or an increase in score) 

showed a significant increase in the levels of plasma glucose, triglycerides, diastolic 

blood pressure, BMI, and waist circumference (β coefficient [95% confidence interval]; 

P for trend) (1.67 [0.43, 2.90]; <0.001; 6.27 [2.46, 10.09]; <0.001; 0.56 [0.08, 1.05]; 0.001; 

0.51 [0.41, 0.60]; <0.001; 1.19 [0.89, 1.50]; <0.001, respectively). No significant 

associations in relation to changes in HDL and LDL-cholesterol nor with systolic blood 

pressure were shown. 

Conclusion: This prospective cohort study suggests that the consumption of food items 

with a higher FSAm-NPS DI is associated with increased levels of several major risk 

factors for CVD including adiposity, fasting plasma glucose, triglycerides, and diastolic 

blood pressure. However, results must be cautiously interpreted because no significant 

prospective associations were identified for critical CVD risk factors, such as HDL and 

LDL-cholesterol, and systolic blood pressure.   
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b. Article 2 

Title: Ability of a dietary index based on the updated algorithm underpinning the 

Nutri-Score to discriminate food consumption and nutrient intake in a French 

population of children and adolescents 

Nadine Khoury, Barthélémy Sarda, Mathilde Touvier, Emmanuelle Kesse-Guyot, Jordi Salas-

Salvadó, Nancy Babio, María Ángeles Martínez, Serge Hercberg, Pilar Galan, Pauline Ducrot, 

Valérie Deschamps, Chantal Julia 

Journal: Under Review 

Summary: 

1,279 participants (50.2% boys and 49.8% girls, mean age 11 years) were included in this 

study. Using the 2023 Nutri-Score Nutrient Profiling Model Dietary Index (NS-NPM DI), 

participants with more favorable DI (lower NS-NPM DI) consumed higher amounts of 

fruits, vegetables, whole grain cereals, milk, poultry, fish and seafood and vegetable oils 

and lower amounts of cheese, processed meat and sweetened foods. In addition, using 

the NS-NPM DI 2023, participants with more favorable DI (thus more favorable Nutri-

Score) had higher intakes of proteins, fiber, vitamins and minerals, and lower intakes of 

lipids, SFA, MUFA and simple sugars. Compared to the NS-NPM DI 2015, with the 

updated algorithm, higher differences between quartiles were observed for fish and 

seafood, poultry, processed meat and vitamin D, all in the expected direction (better 

discrimination). 

Conclusion: The results of the present study suggest that the NS-NPM algorithm 
underlying Nutri-Score is a useful tool for characterizing the diet quality of children and 
adolescents. The updated version of this algorithm showed a more discriminatory ability 
when assessing some animal food groups and vitamin D, indicating that the revision of 
the Nutri-Score represents an improvement for public health purposes. 
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 S    i    in

i=1

 in
i=1

n=1,2 9
50.2% boys and 49.8% girls
with mean age of 11 years

                        

          to inves gate the ability of the 2015 and 2023 N  NP  to discriminate food 
consump on and nutrient intake in a popula on of French children and adolescents.

Fish and seafood 
Poultry
Processed meat 
 itamin  

Compared to 2015 N  NP   I,               
showed higher discrimina ve di erences for 
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Chapter 2: Association between the (Ultra)-processing/formulation 

dimension of foods and cardiometabolic risk factors 

c. Article 3 

Title: Ultraprocessed Food Consumption and Cardiometabolic Risk Factors in Children 

Nadine Khoury, María Ángeles Martínez, Tany E Garcidueñas-Fimbres, Belén Pastor-Villaescusa, 

Rosaura Leis, Sara de Las Heras-Delgado, María L Miguel-Berges, Santiago Navas-Carretero, Olga 

Portoles, Karla Alejandra Pérez-Vega, Jose Manuel Jurado-Castro, Rocío Vázquez-Cobela, Gisela 

Mimbrero, Raquel Andía Horno, J Alfredo Martínez, Katherine Flores-Rojas, Rosaura Picáns-Leis, 

Verónica Luque, Luis A Moreno, Cristina Castro-Collado, Mercedes Gil-Campos, Jordi Salas-

Salvadó, Nancy Babio 

Journal: JAMA Network Open 

Category: Medicine, General & Internal 

Range position: 10/325. First Decile. 

Impact factor: 10.5 

DOI: 10.1001/jamanetworkopen.2024.11852 

Summary: 

Of 1509 enrolled CORALS participants, 1426 (mean [SD] age, 5.8 [1.1] years; 698 boys 

[49.0%]) were included in this study. Mothers of children with high UPF consumption 

were younger, had a higher BMI, were more likely to have overweight or obesity, and 

had lower education levels and employment rates. Compared with participants in the 

lowest tertile of energy-adjusted UPF consumption, those in the highest tertile showed 

higher   scores of   I (β coefficient, 0.20; 95% CI, 0.05-0.35), waist circumference (β 

coefficient, 0.20; 95% CI, 0.05-0.35), fat mass index (β coefficient, 0.17; 95% CI, 0.00-

0.32), and fasting plasma glucose (β coefficient, 0.22; 95% CI, 0.06-0.37) and lower z 

scores for H L cholesterol (β coefficient, -0.19; 95% CI, -0.36 to -0.02). One-SD 

increments in energy-adjusted UPF consumption were associated with higher z scores 

for   I (β coefficient, 0.11; 95% CI, 0.05-0.1 ), waist circumference (β coefficient, 0.09; 

95% CI, 0.02-0.15), fat mass index (β coefficient, 0.11; 95% CI, 0.04-1.18), and fasting 

plasma glucose (β coefficient, 0.10; 95% CI, 0.03-0.17) and lower H L cholesterol (β 

coefficient, -0.07; 95% CI, -0.15 to -0.00). Substituting 100 g of UPFs with 100 g of 

unprocessed or minimally processed foods was associated with lower   scores of   I (β 

coefficient, -0.03; 95% CI, -0.06 to -0.01), fat mass index (β coefficient, -0.03; 95% CI, -

0.06 to 0.00), and fasting plasma glucose (β coefficient, -0.04; 95% CI, -0.07 to -0.01). 

Conclusions and relevance: These findings suggest that high UPF consumption in young 

children is associated with adiposity and other cardiometabolic risk factors, highlighting 

the need for public health initiatives to promote the replacement of UPFs with 

unprocessed or minimally processed foods.  
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Chapter 3: Association between the dietary intake of chemical contaminants, 

adiposity, obesity status and diabetes 
 

d. Article 4:  

Title: Dietary intake of polychlorinated dibenzo-p-dioxins and furans, adiposity and 

obesity status 

Nadine Khoury , María Ángeles Martínez, Indira Paz-Graniel, Miguel Ángel Martínez-González, 

Dolores Corella, Olga Castañer, J Alfredo Martínez, Ángel M Alonso-Gómez, Julia Wärnberg, 

Jesús Vioqu, Dora Romaguera, José López-Miranda, Ramon Estruch, Francisco J Tinahones, José 

Lapetra, J Lluís Serra-Majem, Aurora Bueno-Cavanillas, Josep A Tur, Sergio Cinza Sanjurjo, Xavier 

Pintó, José Juan Gaforio, Pilar Matía-Martín, Josep Vidal, Clotilde Vázquez, Lidia Daimiel, Emilio 

Ros, Carmen Sayon-Orea, Jose V Sorlí, Karla-Alejandra Pérez-Vega, Antonio Garcia-Rios, Nuria 

Gómez Bellvert, Enrique Gómez-Gracia, M A Zulet, Alice Chaplin, Rosa Casas, Inmaculada 

Salcedo-Bellido, Lucas Tojal-Sierra, Maria-Rosa Bernal-Lopez, Zenaida Vázquez-Ruiz, Eva M 

Asensio, Albert Goday, Patricia J Peña-Orihuela, Antonio J Signes-Pastor, Ana Garcia-Arellano, 

Montse Fitó, Nancy Babio, Jordi Salas-Salvadó 

Journal: Environmental Research 

Category: Public, Environmental & Occupational Health 

Range position: 18/403. First Decile. 

Impact factor: 7.7 

DOI: 10.1016/j.envres.2023.115697 

Summary: 

Results: Compared to participants in the first PCDD/F dietary intake tertile, those in the 

highest tertile presented a higher   I (β-coefficient [confidence interval]) (0.43kg/m2 

[0.22; 0.64]; P-trend <0.001), a higher waist circumference (1.11 cm [0.55; 1.66]; P-trend 

<0.001), and a higher prevalence of obesity and abdominal obesity (1.05 [1.01; 1.09] and 

1.02 [1.00; 1.03]; P-trend = 0.09 and 0.027, respectively). In the prospective analysis, 

participants in the top PCDD/F baseline dietary intake tertile showed an increase in waist 

circumference compared with those in the first tertile after 1-year of follow-up (β-

coefficient 0.37 cm [0.06; 0.70]; P-trend = 0.015). 

Conclusion: Higher dietary intake of PCDD/Fs was positively associated with adiposity 

parameters and obesity status at baseline and with changes in waist circumference after 

1-year of follow-up in subjects living with overweight/obesity. Further large prospective 

studies using a different population with longer follow-up periods are warranted in the 

future to strengthen our results. 
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 ietary intake assessemnt in a 143 food item 
food frequency ques onnaire

                                                                                               

       
Age  55  5 years (48% women) 
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e. Article 5:  

Title: Dietary intake of Perfluorooctanesulfonic acid (PFOS) and glucose homeostasis 

parameters in a non-diabetic senior population 

Nadine Khoury, María Ángeles Martínez, Stephanie K Nishi, Miguel Ángel Martínez-González, 

Dolores Corella, Olga Castañer, J Alfredo Martínez, Ángel M Alonso-Gómez, Julia Wärnberg, 

Jesús Vioque, Dora Romaguera, José López-Miranda, Ramon Estruch, Francisco J Tinahones, 

José Manuel Santos-Lozano, Lluís Serra-Majem, Aurora Bueno-Cavanillas, Josep A Tur, Sergio 

Cinza Sanjurjo, Xavier Pintó, José Juan Gaforio, Pilar Matía-Martí, Josep Vidal, Clotilde Vázquez, 

Lidia Daimiel, Emilio Ros, Carmen Sayon-Orea, Jose V Sorli, Karla-Alejandra Pérez-Vega, 

Antonio Garcia-Rios, Francisco Ortiz-Díaz, Enrique Gómez-Gracia, M A Zulet, Alice Chaplin, 

Rosa Casas, Inmaculada Salcedo-Bellido, Lucas Tojal-Sierra, Maria-Rosa Bernal-Lopez, Zenaida 

Vazquez-Ruiz, Eva M Asensio, Albert Goday, Patricia J Peña-Orihuela, Antonio J Signes-Pastor, 

Ana Garcia-Arellano, Montse Fitó, Nancy Babio, Jordi Salas-Salvadó  

Journal: Environment International 

Category: Environmental Sciences 

Range position: 21/358. First Decile. 

Impact factor: 10.3 

DOI: 10.1016/j.envint.2024.108565 

Summary: 

Compared to those in the lowest tertile, participants in the highest tertile of baseline 

PFOS dietary intake in L  and U  showed higher levels of HbA1c [β-coefficient (CI)] [0.01 

% (0.002 to 0.026), and [0.06 mg/dL (0.026 to 0.087), both p-trend ≤ 0.001], and fasting 

plasma glucose in the LB PFOS dietary intake [1.05 mg/dL (0.050 to 2.046), p-trend = 

0.022]. Prospectively, a positive association between LB of PFOS dietary intake and BMI 

[0.06 kg/m2(0.014 to 0.106) per 1-SD increment of energy-adjusted PFOS dietary intake 

was shown. Participants in the top tertile showed an increase in HOMA-IR [0.06(0.016 

to 0.097), p-trend = 0.005] compared to participants in the reference tertile after 1-year 

of follow-up. 

Discussion: This is the first study to explore the association between DI of PFOS and 

glucose homeostasis. In this study, a high baseline dietary intake of PFOS was associated 

with a higher levels of fasting plasma glucose and HbA1c and with an increase in HOMA-

IR and BMI after 1-year of follow-up. 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 160 

  

 ietary intake assessement in a 143 food 
item food frequency ques onnaire

                                                                                                        
                

       
Age  55  5 years (50% women) 

                       (ng/day) 
from di erent food groups

 Fas ng plasma glucose
  lycated hemoglobin (HbA1c)
 Fas ng plasma insulin 
 HO A I 
   I

        

               

            

          

 ietary intake 
of PFO  

Fas ng plasma glucose 
HbA1c
HO A I 
  I

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 161 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 162 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 163 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 164 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 165 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 166 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 167 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 168 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 169 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 170 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 171 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 172 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 173 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 174 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 175 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 176 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 177 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 178 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 179 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 180 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 181 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 182 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 183 

 
 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 184 

 
  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



RESULTS 

 185 

 

 

 

VI. DISCUSSION

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



DISCUSSION 

 186 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



DISCUSSION 

 187 

1. General discussion 

To the best of our knowledge, our results in chapter 1 were the first to evaluate the 

prospective associations between the nutritional dimension of diet assessed using the 

FSAm-NPS DI (or 2015 NS-NPM) and several cardiometabolic risk factors. In addition, 

our second publication in chapter 1 was the first study that showed the discriminatory 

power of the updated Nutri-Score dietary index (2023 NS-NPM DI) in a population of 

children and adolescents. 

The results from the first publication in chapter 1 showed that the consumption of foods 

with higher scores of FSAm-NPS (foods with a less favorable rating on the Nutri-Score 

scale, indicating lower nutritional quality) was associated with unfavorable changes in 

cardiometabolic risk factors after 1 year of follow-up, specifically with an increase in 

adiposity (BMI and waist circumference) and an increased levels of fasting plasma 

glucose, triglycerides, and diastolic blood pressure in elderly Mediterranean individuals 

at high CVD risk. In line with our study, a recent systematic review and meta-analysis 

conducted by Barrett et al., 202467, one of the objectives assessed by the authors was 

to examine and compare the associations between diet quality as measured by nutrient 

profiling systems and diet-related health outcomes. When comparing participants in the 

highest and lowest quantiles of diet quality as assessed by nutrient profiling systems, 

they found a reduced risk for most diet-related outcomes examined, including a 25% to 

32% lower risk of cardiovascular disease, total cancer, all-cause mortality, and BMI 

change over time. Moreover, they reported that the associations between high-quality 

diets, as defined by these nutrient profiling systems, and better health outcomes were 

relatively substantial and comparable to the benefits assessed with healthy dietary 

patterns like the Mediterranean diet67. In our study, a higher 1-year increase in the 

FSAm-NPS, reflecting a decrease in the nutritional quality of diet, was also positively 

associated with increases in adiposity measured by BMI and waist circumference. The 

results are in line with other studies; in the SU.VI.MAX French cohort, a positive 

association between the FSAm-NPS DI and body weight and BMI gain189 was found in 

both men and women. In addition, an increased risk of obesity was observed only in 

men after 13 years of follow-up. A study using data from the French NutriNet-Santé 
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cohort has analyzed the prospective associations between the FSAm-NPS DI and 

adiposity markers and overweight/obesity risk, the results showed that participants with 

a higher dietary index (lower diet quality) were more likely to have a significant increase 

in BMI over time and an increased risk of overweight and obesity190. Furthermore, in a 

prospective study conducted in the context of the SU.VI.MAX cohort, the authors found 

an association between the FSAm-NPS DI and the risk of metabolic syndrome and its 

components. Our results are partially in line with the SU.VI.MAX study where the 

authors assessed the prospective association between the FSAm-NPS DI and metabolic 

syndrome and its components191. Even though these authors found significant and 

positive association between the FSAm-NPS DI and the incidence of metabolic 

syndrome, when the components were assessed individually, only systolic and diastolic 

blood pressure showed a significant association. In our study, we also found a positive 

association with diastolic, but not for systolic blood pressure. These results may be 

explained because the FSAm-NPS DI considers the salt content of food that has been 

proved to be related to hypertension192. However, we cannot discard that some other 

factors of the score, as well as their synergistic effect, may also explain these results on 

blood pressure. In contrast to the SU.VI.MAX study, we have demonstrated significant 

prospective associations with triglycerides and fasting glucose. These results in relation 

to triglycerides and glucose may be explained because the participants in our study were 

elderly Mediterranean individuals (aged between 55 and 75 years) with 

overweight/obesity and metabolic syndrome. Therefore, as they were already at the risk 

of CVD, the results of our study could be influenced by their pre-existing risk and 

conditions. In contrast, in the SU.VI.MAX study, the participants were younger and 

healthier (women aged between 35 and 60 years and men aged between 45 and 60 

years). In addition, few studies have studied the association between FSAm-NPS DI and 

elevated glucose levels however, in a recent study conducted by Deng et al., 2024, the 

researchers aimed to explore the association between dietary patterns assessed with 

FSAm-NPS and prediabetes in 1,460 participants from the cross-sectional study KORA 

FF4 and they showed that a diet with a higher FSAm-NPS dietary index was positively 

associated with prediabetes193.  
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It is important to note that the FSAm-NPS focuses on the nutritional dimension and 

serves as the underlying system of some front-of-pack labels to allow consumers to 

easily compare foods belonging to the same category. Importantly, FSAm-NPS has the 

advantage of considering a large number of elements that are associated with 

cardiometabolic health from a nutritional point of view, in particular the content, per 

100 g of food of fruits and vegetables (proxy of the amount of antioxidants, vitamins, 

and minerals), legumes, nuts, proteins (e.g., proxy of the amount of calcium and iron), 

olive oil, rapeseed oil, and walnut oils. 

Furthermore, the second article of this chapter is one of the first studies assessing the 

relevance of the 2023 updated Nutri-Score algorithm dietary index on evaluating its 

discriminatory power and compare it to the 2015 version of the algorithm in French 

children and adolescents. Our results showed that the nutritional quality of the diet is in 

generally better for participants in the lowest quartile of NS-NPM DI compared to those 

in the highest quartile, implying that both Nutri-Score algorithms are able to 

characteri e the quality of children and adolescent’s diet. In addition, our results suggest 

that compared with the previous algorithm, with the updated algorithm higher 

discriminative differences between quartiles were observed for fish and seafood, 

poultry, processed meat and vitamin D, all in the expected direction, indicating that this 

updated version of the algorithm of Nutri-Score represents an improvement to 

characterize diet quality. Participants with more favorable DI (lower NS-NPM DI) 

corresponding to participants consuming foods with more favorable rating in the Nutri-

Score scale, consumed higher amounts of fruits, vegetables, whole grain cereals, milk, 

poultry, fish and seafood, vegetable oils, proteins, carbohydrates, added sugars, fibers 

and vitamins and minerals. Additionally, they consumed lower amounts of, processed 

meat, sweetened foods, lipids, saturated fatty acids (SFA), mono-unsaturated fatty acids 

(MUFA) and simple sugars. 

Previous studies have evaluated the validity and the discriminatory power of the original 

Nutri-Score and found that overall, the updated FSA NPS demonstrates strong 

consistency in characterizing individual diets within the French context and different 

other countries56,57,194–196. In a recent Canadian study conducted by Lee et al., with 

13,495 adult participants, it was reported that the NS-NPM DI based on 2015 Nutri-Score 
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algorithm, showed better ability to discriminate diet quality than the Dietary Approach 

to Stop Hypertension (DASH) dietary index with a moderate agreement with the dietary 

index scoring system based on Canada’s Food  uide195. In addition, Paper et al., assessed 

the cross-sectional association between dietary indexes that underpin 3 front-of-pack 

labels: the Nutri- core, the proposed Canadian ‘High In’  ymbol and the  iabetes 

Canada Clinical Practice Guidelines in 1,836 adults from the Esteban study and found 

that the dietary index underpinning the Nutri-Score algorithm discriminated adequately 

individuals according to the nutritional quality of their diets through food consumption 

and nutrient intakes 197. These results reinforce our findings and show the consistency 

of algorithm to be applied in populations of different life stages. Some of the results 

observed in our study can be related to the elements considered in the Nutri-Score 

algorithm and its ability to assess the overall nutritional quality of foods and 

beverages198. The NS-NPM, takes into account various nutrients and food components 

and assigns scores that reflect the overall nutritional value of a product. Because energy, 

saturated fat, simple sugars, salt, fibers, and protein are all included in the calculation 

of Nutri-Score59, it is anticipated that a discrimination would be observed at the 

individual level. In addition, while vitamins and minerals are linked to the presence of 

proteins, fruits, and vegetables (elements considered in the score calculation), they are 

not explicitly included in the algorithm, which strengthens the discriminatory ability of 

the NS-NPM to characterize the overall nutritional quality beyond the elements taken 

directly into consideration in the NS-NPM algorithm.   

Furthermore, both DIs showed an adequate ability to discriminate the intake of added 

sugars. While the two algorithms (2015 and 2023 NS-NMP) only take into account total 

sugars, the results showed that the classification is consistent and that the main type of 

sugar discriminated is indeed added sugars not the sugars naturally present in fruit or 

dairy products, which is of importance for public health purposes for addressing obesity, 

particularly in children who have a high intake of added/free sugars.  

Overall, the distribution of the various food groups within the updated Nutri-Score was 

aligned with the previous one. The recent update has resulted in improved ratings for 

certain food groups, specifically fish and seafood, vegetable oils, nuts, poultry and 

processed meat. These enhancements can be attributed to the adjustment in the 
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maximum points allocated for protein and fiber content and for nuts and vegetable oils. 

This adjustment helps offset the higher caloric density of these foods, which are rich in 

essential micronutrients, such as vitamin D in fish. Additionally, the modifications in the 

attribution of protein points in the updated algorithm improved the initial classification 

and ensured a good discrimination between red meat (including processed meat) and 

poultry. Consequently, while poultry received relatively favorable ratings in both 

versions of the Nutri-Score algorithm, unprocessed meat classification – except for very 

lean cuts – was shifted towards less favorable ratings in the updated version. These 

modifications may explain the higher discrimination in the consumption of poultry and 

red meat in the 2023 NS-NPM DI compared to the 2015 NS-NPM DI. 

The 2023 NS-NPM modified the overall classification for breakfast cereals, with a shift 

towards less favorable rating. This shift tended to group these products within similar 

ratings and somewhat reduced the algorithm´s discriminant capacity within this specific 

food group, which may explain the relatively lower discriminatory capacity of the 2023 

NS-NPM DI in this group compared to the 2015 version. Furthermore, in our analysis, 

when using the 2015 NS-NPM DI, we observed an unexpected direction in bread and 

breakfast cereals consumption among participants. We found that participants in 

quartile 4 consumed less bread/breakfast cereals compared to those in quartile 1 (better 

nutritional quality). Typically, we might expect higher consumption in quartile 4, as 

those products tend to have lower nutritional quality overall (high sugar content and/or 

low fiber content) However, it is important to note that while the relative difference in 

bread consumption between the quartiles was statistically significant for the 2015 NS-

NPM, it was no longer the case for the 2023 NS-NPM. Although bread and breakfast 

cereals consumption trends between the highest and lowest quartiles did not align with 

initial expectations for the 2015 NS-NPM, the lack of statistical significance in the 2023 

NS-NPM DI suggests an enhancement in the reliability and validity of the updated 

dietary index. 

Front-of-pack nutrition labels take into consideration only the nutrients that a food 

product includes (such as sugar, fiber, and saturated fat) and discriminate the 

healthfulness of foods and beverages uniquely on the basis of their nutritional 

composition while excluding other aspects of the diet which are not related to nutrients, 
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including the degree of food processing 74,88. However, the extent and purpose of food 

processing was found to play a role in human health199 beyond the nutritional 

composition, through a variety of mechanisms possibly triggered by non-nutritional 

components, such as cosmetic additives, food contact materials, neo-formed 

compounds, and the degradation of the food matrix200.  In the large Moli-sani study 

cohort in Italy 201, the researchers have examined two food dimensions, assessed with 

the FSAm-NPS, used to derive the Nutri-Score front-of-pack label, and the NOVA 

classification for UPF consumption in relation to mortality. The authors found that a 

significant portion of the higher mortality risk was explained by a high degree of food 

processing, but not vice versa 201. Similarly, a study conducted by Gomez-Donoso et al. 

in the SUN cohort58, showed that the association between FSAm-NPS DI and all-cause 

mortality was stronger among participants with high UPF consumption compared to 

those with lower intake, however no association was found for cardiovascular 

mortality58. Additionally, the study by Bullon-Vela et al. suggested that the combination 

of nutrient-poor diets and high UPF consumption presents the highest risk of premature 

mortality however not with cardiovascular mortality202.  

In a recent meta-analysis conducted by Montericcio et al.68, the authors concluded that 

the observed weak and nonsignificant associations between the DIs underpinning front-

of-pack labels and major health outcomes in their analysis, could be partly explained by 

an intrinsic limitation common to all nutrient profiling systems: they focus exclusively 

on nutrient composition while disregarding the nature and purpose of food processing 

87,203. In addition, they stated that front-of-pack nutrition labels should incorporate 

warnings about the degree of food processing 201,204 and the presence of additives, 

pesticides, or compounds released from packaging in contact with food, as these could 

all potentially contribute to cardiometabolic disorders 205,206. 

For these reasons, beyond the nutritional dimension of food assessed with NS-NPM DI, 

it is important to take into consideration other food dimensions when evaluating the 

impact of diet on cardiometabolic health. In chapter 2, we aimed to investigate the 

association between UPF consumption and cardiometabolic risk factors in the CORALS 

cohort. To our knowledge, this study is one of the first to assess the associations 

between UPF consumption and various cardiometabolic risk factors in young children. 
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In this large cross-sectional study, UPF consumption was positively associated with z 

scores of BMI, waist circumference, fat mass index, and fasting plasma glucose 

concentration and inversely associated with HDL cholesterol concentration. Our findings 

are in line with those of previous studies207–209. Consumption of UPFs at age 4 years was 

associated with increased BMI z scores at age 10 years in the Generation XXI cohort, 

while no association was found at age 7 years207. Another study showed that high UPF 

consumption in children aged 7 to 13 years was associated with increased BMI growth 

trajectories208. Similarly, lower UPF intake in Spanish children aged 4 to 7 years was 

associated with lower BMI z scores at age 7 years, though this association became 

nonsignificant after adjusting for maternal factors209. A global study by Neri et al210 

revealed that increased UPF consumption was associated with higher dietary energy 

density and intake of free sugars, alongside decreased total fiber intake, potentially 

contributing to childhood obesity210. Additionally, findings from the Avon Longitudinal 

Study of Parents and Children showed that high UPF consumption was associated with 

unfavorable fat mass index trajectories from age 7 to 24 years208. Similarly, in a Brazilian 

cohort, UPF consumption during preschool years was associated with increases in waist 

circumference from preschool to school age211. Other studies found no significant 

association between UPF consumption and HDL cholesterol and fasting plasma glucose 

concentrations209,212. Therefore, to our knowledge, our study is the first in children to 

find significant associations with the aforementioned risk factors and is in line with other 

studies assessing adult populations213. Our results are in line with previous studies 

showing that the main UPF products consumed are pastries, sweet beverages, cookies, 

and candies214–216. In addition, our results support the findings of other European studies 

that have shown that children of mothers with lower education or with lower 

socioeconomic status are more likely to consume UPFs. These findings suggest that 

educational and socioeconomic factors may contribute to the purchase of low-cost and 

unhealthy foods, such as UPFs, increasing the risk of health disorders209,217,218. Several 

possible mechanisms could explain our results. First, UPFs contain higher amounts of 

sodium, energy, fat, and sugar and lower amounts of fiber, which are well recognized as 

contributors to cardiometabolic risk factors219. In addition, some UPFs may be linked to 

a higher glycemic response, and it has been shown that high consumption of sugar-

sweetened beverages may delay the internal satiety signal, leading to excessive calorie 
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intake and higher glycemic load220–222. Moreover, excessive consumption of energy, 

saturated fat, and sugar contributes to weight gain and a higher risk of obesity, which is 

an important risk factor in CVD223. Furthermore, our study showed that children who 

consumed high amounts of UPFs tended to have lower intakes of fruits and vegetables, 

which, along with a healthy dietary pattern, are known to be beneficial for 

cardiometabolic health224. Most of the associations were maintained in our study after 

further adjusting the models to Mediterranean diet adherence, suggesting that other 

intrinsic UPF factors may play an important role in determining these associations (eg, 

additives). Animal and cellular studies revealed potential cardiovascular risks from 

authorized additives such as sulfites, monosodium glutamate, and emulsifiers225–230. 

Food processing generates contaminants such as acrylamide and acrolein, which have 

been linked, respectively, to increased odds and risk of cardiovascular disease99,134. UPF 

may contain chemicals such as bisphenols and perfluoroalkyl substances that have been 

associated with a higher risk of cardiometabolic outcomes in children205. 

Our results provide new insight into the association between UPF consumption and 

health and the importance of recognizing that early dietary habits in childhood might 

have future implications on cardiometabolic health. While the magnitude of the 

associations reported in our study may be considered of limited clinical relevance, it is 

important to note that our study consisted of young children. Therefore, if such minimal 

differences can reveal a significant association, they may serve as an early warning of 

future cardiometabolic conditions. 

In Chapter 3, we explored the contamination dimension of food assessed by the dietary 

intake of endocrine disrupting chemicals and their link to cardiometabolic risk factors in 

an elderly Mediterranean population with metabolic syndrome. It is well known that 

there are several risk factors that could contribute to the development of 

cardiometabolic risk factors, with an unhealthy diet being one of the most significant. 

Food high in concerning nutrients (such as saturated fat and sugar) and UPFs have been 

associated with adverse cardiometabolic outcomes67,71,199,231. However, in recent years, 

environmental and anthropogenic contaminants have emerged as potential 

contributors to the development and progression of these complications, with particular 
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attention given to the role of EDCs29,30,151,232. In the first paper of chapter 3, we aimed 

to assess cross-sectionally and prospectively the associations between the estimated 

dietary intake of PCDD/Fs and adiposity or obesity risk in a middle-aged Spanish 

Mediterranean cohort. We saw in this large cohort of middle-aged subjects at high 

cardiovascular risk that a higher dietary intake of PCDD/Fs was shown to be cross-

sectionally associated with higher measures of adiposity parameters and a higher 

prevalence of obesity and abdominal obesity. In addition, a higher dietary intake of 

PCDD/Fs at baseline was positively associated with changes in waist circumference after 

1 year of follow-up. No other significant associations were observed for BMI nor for 

obesity or abdominal obesity incidence, although the direction of these associations was 

the same as those observed in the cross-sectional analysis. Current results are in line 

with other epidemiological and mechanistic studies233,234. Some studies have also 

investigated the association between similar chemical substances such as dioxin-like 

polychlorinated biphenyls (DL-PCBs) and adiposity through the dietary intake233,234. For 

example, in a prospective Spanish study conducted with healthy participants, a positive 

association between higher dietary intake of DL-PCBs and obesity risk was found235. As 

reviewed by Hassan et al., 2021236, excessive exposure to PCB in humans was also 

related to different metabolic disorders including hepatic steatosis, obesity, diabetes 

mellitus, endocrine metabolism, thyroid metabolism, and dyslipidaemia236. It was 

determined that red meat (28%), fish and seafood (18%) and fruits and vegetables (17%) 

were the main food groups contributing to the total PCDD/Fs dietary intake in our study. 

Our results showed a higher dietary intake of PCDD/ Fs in women compared to men (p 

< 0.001), this could be explained because women present a higher consumption of fish, 

seafood and fruits and vegetables. This is in line with other studies reporting that red 

meat and seafood were the most contributors to the total intake of PCDD/Fs233,237,238. 

The high dietary intake of PCDD/Fs coming from fruits and vegetables could be explained 

due to the high consumption of these food items in our study population and not by the 

high levels of TEQ detected in this food category. According to the literature, it is 

important to consider the concentration levels of these chemicals and the specific 

frequency of consumption of each food item from each population profile to estimate 

the exposure239,240. In fact, the major contributors detected here could be different in 

other cohort study populations depending on their lifestyle and dietary patterns. In our 
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PREDIMED-Plus study, participants have a high adherence to the Mediterranean diet. 

Because of that, fruits and vegetables (instead of dairy products) are one of the main 

contributors to total dioxin exposure along with meat and fish. Our findings are also in 

line with other studies measuring PCDD/F in blood. Fattore et al., 2006 reported higher 

serum PCDD/F levels in middle-aged women than in men234. Beyond the dietary intake, 

it is reasonable to expect that women present higher PCDD/Fs serum levels than men 

since PCDD/Fs are principally stored in adipose tissue, and women tend to have naturally 

greater percentage of body fat241. Moreover, in the cross-sectional analyses of Chang et 

al., 2016146, it has been found a positive and significant association between serum 

PCDD/Fs concentrations and the prevalence of abdominal obesity146. They also found 

that participants with abdominal obesity had significantly higher serum dioxin levels 

compared to those participants without abdominal obesity146. In addition, a study 

conducted by Lee et al., 2007242, found a positive relationship between serum 

concentrations of dioxins and waist circumference and prevalence of metabolic 

syndrome242. Furthermore, Uemura et al., 2009 reported that body levels of dioxins and 

related compounds, particularly those of DL-PCBs, were cross-sectionally associated 

with BMI and the risk of metabolic syndrome148. Animal studies also suggest that these 

compounds can have potential effects on adiposity. Hoyeck et al., 2020 demonstrated 

in animals that low-dose TCDD exposure in female mice impair metabolic adaptability 

to a high fat diet, indicating that dioxin exposure may be a causative factor of obesity 

and diabetes pathogenesis in females243. Another study also provided new evidence that 

dioxins, could present obesogenic effects and metabolic disturbances in adult mice244. 

According to the EFSA, the TWI of dioxins and furans in food (established in 2018) is 2.0 

pgTEQ/kgbody weight/week130. The TWI set by the European Commission’s  cientific 

Committee on Food in 2001 was seven times higher than the current EFSA TWI130. It is 

important to consider that in this current study the 87% of our population exceeded the 

PCDD/Fs TWI with a mean of 2.99 pg TEQ/kgbody weight/week. The current dietary intake 

mean is similar to other studies conducted around the world and in accordance, even 

slightly above, with a previous study carried out in Spain245 in which the mean dietary 

exposure also exceeded the EFSA TWI limits. Compared to other countries, the mean 

level of exposure of our participants is similar to other studies conducted in Netherlands 

or Ireland246. In contrast, studies from Italy247, France240 and Ireland248 reported lower 
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PCDD/Fs exposure compared to our participants. On the other hand, in countries such 

as Germany237, the United Kingdom249 and Taiwan250 a higher PCDD/Fs exposure has 

been detected. It has been observed that the PCDD/Fs dietary exposure in healthy 

general populations of numerous countries in Europe has been declining in the last 

years245,251. Dioxin emissions have been decreasing as a result of demanding laws 

governing waste treatment and disposal, which may account for the majority of this 

decline. According to several studies, food consumption of PCDDs/PCDFs decreased to 

a greater extent than DL-PCBs252,253. The improvements and efforts made in the waste 

incineration process concerning PCDDs/PCDFs emissions in recent years could be the 

reason for these decreases252. However, the problem is that due to the large discharges 

produced and the lack of periodic review of the legislation, we still have high levels of 

dioxins remaining, especially in the trophic chain251.  

In the second paper of chapter 3, we aimed to cross-sectionally and longitudinally assess 

the associations between the estimated dietary intake of PFOS and glucose homeostasis 

parameters and BMI in participants without diagnosed diabetes at baseline from the 

PREDIMED-Plus study cohort. To the best of our knowledge, this is the first study to 

explore the association between dietary intake of PFOS and glucose homeostasis. We 

found that in an adult Mediterranean population at high cardiovascular risk, high 

baseline dietary intake of PFOS was associated with a higher levels of fasting plasma 

glucose and HbA1c and with an increase in HOMA-IR and BMI after 1- year of follow-up. 

In our study, we found that fish and seafood, followed by eggs, and fruits and vegetables 

were the major food contributors to the total dietary intake of PFOS. These results are 

in line with other published articles254–256. A recent study conducted in Greece found 

that eggs, fish and seafood seem to be responsible for about 50 % of PFOS dietary 

exposure139. In addition, EFSA published a scientific opinion in 2020 stating that fish and 

seafood, fruits and vegetables contribute the most to the total PFOS dietary intake140 

for all ages. The high abundance of PFOS in animal-origin foods could be explained due 

the lipophilic properties of this chemical, which can lead to their accumulation and 

persistence in the food chain, being animal and animal-based products, especially 

seafood and eggs, the main sources to total PFOS dietary intake exposure. In addition, 

its presence in fruits and vegetables is due to the widespread contamination of soil and 
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surface water which reach and can be stored in these food items257,258. Nevertheless, it 

is important to note that the significant contributors identified in this study may vary in 

other cohorts due to differences in lifestyle and dietary patterns. Our results are in line 

with previous published papers, which assessed these chemicals in biological samples 

(serum and plasma). In Chinese adults an increase in serum PFOS was recently 

correlated with an increase in fasting plasma glucose, fasting plasma insulin and HOMA-

IR259. In individuals at high risk of diabetes, cross-sectional positive associations were 

reported between plasma concentration of PFOS and different glucose-related 

measurements such as fasting glucose and insulin, HbA1C and HOMA-IR260. Finally, a 

study conducted in adolescents and adults showed that PFOS concentrations levels 

increased HOMA-IR and beta-cell function261. The mechanisms explaining these 

associations are largely unknown. Limited studies suggest a potential effect of these 

EDCs on pancreatic cells. For example, Qin et al., 2022 using in vivo and in vitro models 

found that PFOS exposure may disrupt calcium homeostasis and signaling within beta 

cells leading to an inability to secrete insulin in response to increased blood glucose 

levels262. Therefore, based on the evidence of these seminal results more prospective 

and mechanistic studies to assess the specific effect of these chemicals on human health 

are needed. As well as in other studies, in the current study an association between 

dietary intake of PFOS and BMI was also found after 1-year of follow-up. In young adults, 

a positive association between serum PFOS and overweight was reported in individuals 

aged between 9 and 21 years old263. Furthermore, in a study involving 1612 Chinese 

adults, a positive association between blood PFOS concentration and a higher rate of 

overweight in women264 was reported. Nelson et al., 2010 also found in men aged 60–

80 years a positive association between PFOS exposure and BMI265. The most updated 

TWI of PFAS established by the EFSA in 2020 is 4.4 ng/kgbody weight/week140. In our study, 

the mean LB dietary exposure of the cohort was 2.17 ng/kgbody weight/week, being this 

mean below the reference value. This result is in concordance with other Spanish and 

European populations such as from France, Belgium and Italy123,255,266,267. Even though 

PFOS is the largest contributor to the total dietary PFAS exposure140,268, our dietary 

exposure results could be slightly underestimated because other PFAS were not taken 

into consideration to perform the current the dietary exposure. Nevertheless, even with 

this current estimation obtained here, we saw a significant positive association between 
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baseline higher DI of PFOS and fasting plasma glucose, HbA1c levels, HOMA-IR and BMI 

after 1-year of follow-up. Considering our results, the TWI of these perfluoralkyl 

compounds may have to be re-evaluated by the EFSA to get a more updated approach 

than the one from 2020.  

2. Strengths and limitations 

Several limitations in this doctoral thesis are derived from the conducted studies and 

deserve to be highlighted as follows: 

Generalization to other population 

• For the publications conducted within the framework of PREDIMED-Plus cohort, 

the results cannot be generalized to other populations since participants 

included in the analysis were elderly Mediterranean individuals with 

overweight/obesity and metabolic syndrome. Therefore, as they were already at 

the risk of CVD, the results of this study could be influenced by this condition.  

• For the publication conducted within the framework of Esteban study, the 

generalization of the present findings must be approached with caution, as the 

study participants were mainly healthy children and adolescents from mainland 

France. 

• For the publication conducted within the framework of CORALS cohort, the study 

involved preschool children from Spain, which means that the generalization of 

our findings to other populations may not be appropriate. 

Potential dietary intake bias 

• For the publications conducted within the framework of PREDIMED-Plus cohort 

The assessment of food intake through a FFQ is prone to possible measurement 

errors. However, despite this limitation, food-based FFQs have been widely used 

as a tool in epidemiological studies since the 1990s269. 

• For the publication conducted within the framework of Esteban study, the use 

of 24-hour records may bias the estimation of the intake of nutrient intakes, 

which in turn is crucial for the correct estimation of the NS-NPM DI. However, 
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we employed high-quality dietary data, incorporating repeated 24-hour records 

obtained through a validated web-based tool270. This approach ensures precise 

estimates of individual intakes. 

• For the publication conducted within the framework of CORALS cohort, some 

grade of misclassification may be present in our study because UPF consumption 

was estimated from a food and beverage frequency questionnaire that was not 

specifically developed to assess this type of food, which could lead to either an 

overestimation or underestimation of consumption within various NOVA 

categories. In addition, the use of a F&B-FQ may be influenced by social 

desirability bias which, could also result in inaccurate estimates. 

Potential confounding bias 

• We cannot exclude the possibility that that associations may be due to residual 

confounding or that undetected cardiometabolic disorders may be present in 

our study population in all the publications included in this doctoral thesis. 

Potential dietary intake estimation bias 

Estimation of dietary intake of PCDD/Fs and PFOS  

The present doctoral thesis only assessed exposure to PCDDs/PCDFs through dietary 

sources, but not from other sources such as inhalation or dermal contact. However, the 

exposure to these chemicals occurs largely (90%) through the diet. Nowadays, 

estimation of PCDD/F from food sources is feasible. However, more detailed information 

in the literature on different foods, including their origin, production methods, content 

and packaging, would be helpful for more accurate estimations. Additionally, it was 

challenging to compare current results with other articles based on dietary exposure 

estimations, due to the limited literature data available on that topic. Moreover, we 

lacked information about the food preparation or cooking techniques that could change 

PCDD/Fs levels in the finished food product 

In addition, the present doctoral thesis also assessed exposure to PFOSs through dietary 

sources. While PFOS constitutes the primary contributor to overall dietary PFAS 
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exposure, it is worth noting that our assessment of dietary intake might be slightly 

underestimated. This is attributed to the fact that the current dietary intake assessment 

did not include other PFAS compounds in its calculations. In addition, it is important to 

note that this study exclusively examined exposure to PFOS through dietary sources and 

the concentrations were taken from available data and did not take into account other 

exposures such as inhalation or dermal contact or biological samples. However, it is 

worth mentioning that the major source of exposure to these chemicals is primarily 

through the diet and water. 

Synergetic effects of different EDCs 

In the present thesis, we have not investigated potential synergistic interactions of 

different EDCs such as the combined assessment of PCDD/Fs and PFOS on the 

cardiometabolic risk factors studied, including their dual impact and potential 

interactive mechanisms. 

This doctoral thesis also has some strengths that need to be highlighted as follows: 

• The prospective design, which reduces the possibility of reverse causation bias. 

• The large sample size, and the comprehensive data collected by trained staff. 

• Control for several potential confounding factors. 

• Translating the nutrient profiles from the food level to individual dietary indices 

allowed us to account for the complexity of the overall diet. This approach allows 

a more comprehensive assessment of dietary quality, taking into account the 

interactive or synergistic effects that individual dietary nutrients may exert 

within the context of the food matrix271. 

• In this dissertation, we evaluated cardiometabolic risk factors that have not 

considered in other similar studies104,272–274.
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Hypothesis: 

(1) The consumption of food with higher FSAm-NPS dietary index (lower nutritional 

quality) is associated with cardiometabolic risk factors in adults. 

The results of this prospective cohort study conducted in a population with 

overweight/obesity and metabolic syndrome suggest that the consumption of foods 

with higher FSAm-NPS (reflecting a lower nutritional quality) is associated with an 

increase in some cardiometabolic risk factors (adiposity parameters, fasting plasma 

glucose, triglycerides, and diastolic blood pressure). However, no significant associations 

were identified for critical cardiometabolic risk factors such as HDL-cholesterol, LDL-

cholesterol, and systolic blood pressure. 

(2) The updated 2023 NS-NPM discriminate food consumption and nutrient intake 

better than the 2015 NS-NPM in a population of French children and 

adolescents. 

Overall, the distribution of the various food groups within the updated Nutri-Score was 

aligned with the previous one. The recent update has resulted in improved ratings for 

certain food groups, specifically fish and seafood, vegetable oils, nuts, poultry and 

processed meat. 

(3) Higher consumption of ultra-processed food is associated with worse 

cardiometabolic risk factors in children. 

The results of this cross-sectional study of 1426 children suggests that higher 

consumption of UPFs was positively associated with body mass index, waist 

circumference, fat mass index, and fasting plasma glucose and negatively associated 

with high-density lipoprotein cholesterol concentrations. 

Theoretical substitution of 100 g of UPFs with 100 g of unprocessed or minimally 

processed foods was associated with lower z scores of BMI, fat mass index and fasting 

plasma glucose. 
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(4) Higher dietary intake of endocrine disruptors (PCDD/Fs and PFOS) is associated 

with cardiometabolic risk factors (adiposity, obesity status and glucose 

homeostasis parameters). 

The results suggest that in an aged population at high cardiovascular risk, the dietary 

intake of PCDD/Fs was associated with a higher prevalence of obesity and higher 

adiposity parameters at baseline. In addition, a higher baseline dietary intake of 

PCDD/Fs was positively associated with changes in waist circumference after 1 year of 

follow-up.  Furthermore, dietary intake of PFOS was associated with glucose 

homeostasis parameters. We found that high baseline DI of PFOS was associated with a 

higher levels of fasting plasma glucose and HbA1c and with an increase in HOMA-IR and 

BMI after 1-year of follow-up.  

Overall, the main conclusions and consequences of the present doctoral thesis are: 

The associations between each of the three food classifications dimensions and 

cardiometabolic risk factors are significant, indicating that the three approaches should 

be considered independently and importantly when assessing the impact of food on 

cardiometabolic risk factors. These findings support the suitability of the dietary index 

underlying the Nutri-Score algorithm as a nutritional quality indicator aimed at 

improving diets and preventing the development of cardiometabolic risk factors. In 

addition, our results highlight the need for public health initiatives to promote the 

replacement of UPFs with unprocessed or minimally processed foods for the prevention 

of cardiometabolic risk factors in children. Furthermore, our findings support the 

growing epidemiological evidence linking the dietary intake of PCDD/Fs and PFOS with 

cardiometabolic risk factors (adiposity parameters, glucose homeostasis and insulin 

regulation). Even though the production of PCDD/Fs and PFOS has stopped in most 

countries, PCDD/Fs and PFOS seems to continue to pose a serious health risk since the 

dietary intake of our population and of other countries are still above the levels 

recommended by the EFSA. It is therefore very important to assess the unintentionally 

exposed population and to keep establishing awareness and prophylactic measures to 

reduce these levels. In addition, we need to recognize the broader PFAS categories and 

all different congeners for comprehensive evaluations of the overall impact of PFAS on 
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human health. Finally, it is important to note that these associations remain complex 

and further large prospective studies using different populations and longer periods of 

follow-up are needed to validate our results.

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



 

 
 

 

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



 

 
 

 

 

 

 

 

 

 

 

 

 

VIII. FUTURE PERSPECTIVE

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



FUTURE PERSPECTIVES 

 
 

210 
 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
A MULTI-DIMENSIONAL APPROACH OF FOOD CLASSIFICATIONS AND ITS ASSOCIATION WITH CARDIOMETABOLIC RISK FACTORS 
Nadine Alkhoury 



FUTURE PERSPECTIVES 

 
 

211 
 

This doctoral thesis contributes new evidence to the growing literature on the 

relationship between diet and cardiometabolic risk factors. The results offer new 

insights into the connections between each of the three food dimension classifications 

and cardiometabolic risk factors, highlighting the need to consider each dimension 

independently and with equal importance.  

Nevertheless, future studies should address the limitations of this thesis, to provide 

clearer and more comprehensive understanding of the associations between the 

nutritional quality, processing levels, and contamination of foods and their impact on 

cardiometabolic risk factors: 

• Prospective studies with longer period of follow-up are required in both general 

and specific populations, as well as in different geographical regions, to validate 

our findings. This approach would facilitate the comparison of results across 

various studies and aid in communicating the outcomes to the general 

population in a clear and comprehensible way. 

• To address the limitation of the FFQ used to assess UPF consumption in this 

thesis, future studies should consider utilizing more objective and precise dietary 

assessment methods, such as 24-hour dietary recalls, food diaries or biomarkers 

of nutrition (such as metabolomics or other omics methodologies) which can 

provide a more accurate reflection of participants' UPF consumption. 

• Future studies are needed to include all PFAS compounds in the dietary intake 

assessments to provide a more accurate estimation of overall dietary intake. 

Additionally, other exposure routes, such as inhalation and dermal contact, 

should be considered to validate the associations shown for the dietary intake of 

PFOS and PCDD/Fs. 

• One of the aims in this doctoral thesis was to evaluate the relationship between 

dietary intake of PFOS and parameters of glucose homeostasis and body mass 

index. We prioritized a more feasible method for our large sample size, focusing 

on dietary intake due to its validation and essential role in our study. However, 

the lack of assessing the concentration of PFOS in biological samples should be 

considered in the future. Biomonitoring for such a large sample size, aside from 
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being invasive for participants, can be a costly and expensive process. It could be 

valuable to select a subsample of our population with high dietary exposure to 

PFOS for biomonitoring purposes. This approach would assist in future analyses 

by exploring the correlation between dietary intake of PFOS and its 

concentration levels in biological samples. This could enhance the understanding 

of the relationship between PFOS exposure and cardiometabolic risk factors, 

providing a more comprehensive picture of the health impact of PFOS. 

Additionally, we will aim to evaluate the exposure to mixtures of different EDCs 

including a biomonitoring for both PFAS and PCDD/Fs in a subsample. This 

approach acknowledges the complex reality of human exposure to EDCs, where 

individuals are simultaneously exposed to various EDCs in everyday 

environments. By studying these mixtures by conducting a biomonitoring, we 

could uncover the synergistic impact of EDCs on cardiometabolic health 

outcomes.  
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