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Background 

Diet plays an essential role in human health, providing energy and crucial 

nutrients for the adequate growth, development and maintenance of the body's 

homeostasis. However, the simple idea that energy imbalance is the leading 

cause of the escalating of obesity and other related comorbidities has been 

increasingly placed into question. Previous studies assessed the effect of 

exposure to unconventional risk factors on health, such as food contaminants. 

Acrylamide and bisphenol A (BPA) are food contaminants formed during thermal 

processing or migrating from food contact materials, respectively, which may 

negatively affect human health. Children and adolescents are a vulnerable age 

group due to the relatively higher food intake per body weight, and incomplete 

maturation of metabolic systems or key organs. 

Acrylamide has the ability to form adducts with proteins and nucleic acids, 

causing genotoxicity, carcinogenicity, neurotoxicity, hepatoxicity, cardiovascular 

toxicity and reproductive toxicity. Recent studies suggested that acrylamide is a 

potential endocrine disruptor and may affect cardiometabolic biomarkers and 

puberty development through mechanisms related to oxidative stress, lipid 

peroxidation, adipogenesis, and hormonal disruption. 

BPA may interfere with oestrogen receptors and, consequently, with the 

endocrine system, allowing BPA to be classified as an endocrine disruptor. 

Moreover, chronic BPA exposure, even at lower concentrations, may impair 

human health, leading to the development of metabolic diseases and pubertal 

development disarrangements. 

Epidemiological longitudinal studies evaluating the association of these food 

contaminants exposure in metabolic outcomes from childhood to adolescence 

are limited, and the uncertainties remain to be clarified. 

 

Objectives 

The main objective of the present thesis was to assess the effects of food 

contaminants exposure, particularly acrylamide and bisphenol A, on the 

development of metabolic outcomes in children and adolescents’ health. Thus, 

the specific objectives to be answered were: 
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1. To assess dietary exposure to xenobiotic compounds derived from food 

processing and packaging materials (acrylamide and bisphenol A), applying 

direct and indirect methods: 

 1.1. To assess dietary exposure to acrylamide by applying self-reported 

dietary assessment methods; 

 1.2. To assess dietary exposure to bisphenol A by applying self-reported 

dietary assessment methods and urinary metabolites; 

2. To longitudinally assess the xenobiotic compounds exposure and to test the 

association of food contaminants exposure with health outcomes from childhood 

to adolescence: 

 2.1. To estimate the risk assessment of food contaminants, namely 

acrylamide and bisphenol A; 

 2.2. To longitudinally assess the association between xenobiotic 

compounds exposure (acrylamide and bisphenol A) and cardiometabolic 

outcomes; 

 2.3. To assess the association of acrylamide and bisphenol A exposure on 

pubertal development at 10 and 13 years old. 

 

Methods 

This thesis incorporates data from the Generation XXI (GXXI) birth cohort (Porto, 

Portugal, 2005-2006), as well as from the Portuguese National Food, Nutrition, 

and Physical Activity Survey (IAN-AF 2015-2016). 

The Generation XXI birth cohort enrolled at baseline 8647 newborns (gestational 

age >24 weeks) from five public maternities in the Porto Metropolitan area. 

Follow-up evaluations were conducted at ages of 4 (2009–2011, 86% 

participation), 7 (2012–2014, 80% participation), 10 (2015–2017, 76% 

participation), and 13 (2018–2020, 54% participation, interrupted due to COVID-

19 pandemic). During each evaluation, trained researchers conducted face-to-

face interviews using structured questionnaires, while trained health 

professionals collected anthropometric measurements (weight, height, waist 

circumferences), body composition data (bioimpedance), blood pressure, blood 

samples (total cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides, 

glucose, insulin) and urine samples (BPA concentration). 
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Fat mass percentage (%FM) was estimated, and age and sex-specific body mass 

index z-score (z-BMI), the homeostatic model assessment for insulin resistance 

(HOMA-IR), and age-, sex- and height-specific for systolic and diastolic blood 

pressure z-scores (z-SBP, z-DBP) were computed. 

Pubertal development was assessed by trained health professionals at the ages 

of 10 and 13 using the Tanner scale. 

Dietary information was collected through three-day food diaries (two weekdays 

and one weekend day), computerised and categorised using the FoodEx2 

classification system. The participant’s main caregiver filled the three-day food 

diary at 4, 7, and 10 years, whereas at the 13-year follow-up, the food diary was 

filled by the adolescent with the help of parents/caregivers. 

In the IAN-AF survey, a total of 5811 participants aged 3 months to 85 years 

completed two interviews. Among participants under 18 years, 1959 provided 

complete data from two-days dietary interviews. Trained nutritionists collected 

additional information on different dimensions, namely sociodemographic 

characteristics, general health data, the practice of leisure time physical activity, 

sedentary behaviours, and anthropometrics. 

Dietary intake was obtained through two non-consecutive one-day food diaries 

for children under 10 or 24-hour recalls for the remaining participants. This 

information was computerised using the eAT24 software, a validated tool 

integrating the FoodEx2 classification system. 

 

Results 

A probabilistic methodology was used to estimate the daily dietary exposure to 

acrylamide. Three possible values representing the distribution of acrylamide 

occurrence in foodstuffs were randomly attributed to each food item, accounting 

for intra and inter-individual variability. Portuguese children aged 1 to 2 years old 

presented the higher median of dietary exposure, 0.75 µg/kg bw/day (95th 

percentile: 1.41 µg/kg bw/day), followed by children of 3 to 9 years of age with 

0.69 µg/kg bw/day (95th percentile: 1.32 µg/kg bw /day) and adolescents of 10 to 
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17 years of age with 0.54 µg/kg bw/day (95th percentile: 1.07 µg/kg bw /day). The 

current dietary exposure to acrylamide raises concern for neoplastic effects, 

across all exposure percentiles and age groups, as the calculated Margins of 

Exposure (MOE) are substantially below the safety threshold of 10,000. The 

associated factors and the food contributors to acrylamide dietary exposure were 

also described by age group [Paper I]. 

Three methodological approaches to estimate daily BPA exposure were tested 

using GXXI birth-cohort 13-year follow-up data. The first method followed a 

traditional deterministic approach, merging the food consumption data with the 

occurrence data of BPA in food groups. The second and third methods, dietary 

information (food groups and the packaging material reported) and urinary BPA 

concentration from a sub-sample, were combined to develop a regression tree 

model and a random forest, both used to predict in the remaining sample the daily 

BPA exposure. Random forest was the best methodology to estimate the daily 

exposure to BPA. The traditional approach was the methodology that was less 

accurate in estimating BPA daily exposure, with median exposure values in 

adolescents being 5 to 6 times higher than those measured in urine samples. 

Despite of the methodological approach, 99.9% of the participants presented an 

exposure above the Tolerable Daily Intake (TDI) of 0.2 ng/kg bw/day, indicating 

a potential health risk [Paper II]. 

In the longitudinal designed study, the median dietary exposure to acrylamide in 

GXXI birth-cohort ranged from 0.44 µg/kg bw/day at 13 years old (95th percentile: 

1.04 µg/kg bw/day) to 0.79 µg/kg bw/day at 4 years old (95th percentile: 1.92 

µg/kg bw/day). The MOE for neoplastic effects indicated a public health concern 

among GXXI participants. A generalised least squares model was used: model 1 

adjusted for cross-sectional and longitudinal acrylamide daily dietary exposure; 

model 2 adjusted for model 1 plus participants’ sex, maternal age, maternal 

education, maternal smoking habits, leisure practice of regular physical activity 

(cross-sectional and longitudinal); model 3 adjusted for model 2 plus total energy 

intake (cross-sectional and longitudinal). A positive longitudinal association was 

found between acrylamide exposure and higher waist circumference (0.06 stdβ; 

95%CI: 0.03, 0.08), fat mass percentage (0.04stdβ; 95%CI:0.01,0.06), and blood 

glucose levels (0.03 stdβ; 95%CI: 0.00, 0.07) (model 3). For blood insulin (0.08 
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stdβ; 95%CI: 0.05, 0.12) and insulin resistance (0.08 stdβ; 95%CI: 0.05, 0.12), 

only a significant cross-sectional association was found. In the opposite direction, 

a negative longitudinal association was found for body mass index z-score (-0.07 

stdβ; 95%CI: -0.09, -0.04), total cholesterol (-0.07 stdβ; 95%CI: -0.11, -0.04), 

LDL-cholesterol (-0.08 stdβ; 95%CI: -0.11, -0.04), HDL-cholesterol (-0.06 stdβ; 

95%CI: -0.09, -0.02), z-SBP (-0.07 stdβ; 95%CI: -0.10, -0.03) and z-DBP (-0.03 

stdβ; 95%CI: -0.06, -0.00) [Paper III]. 

At 4 years of age, the median BPA daily exposure was 68.8 ng/kg bw/day (95th 

percentile: 90.6 ng/kg bw/day), while at 13 years old was 24.7 ng/kg bw/day (95th 

percentile: 36.3 ng/kg bw/day). According to the exposure values, 99.9% of the 

participants presented an exposure above the TDI. A generalised least squares 

model was used: model 1 adjusted for cross-sectional and longitudinal BPA daily 

exposure predicted values; model 2 adjusted for model 1 plus participant sex, 

maternal age, maternal education, leisure practice of regular physical activity 

(cross-sectional and longitudinal); model 3 adjusted for model 2 plus participant 

height (cross-sectional and longitudinal); and model 4 adjusted for model 2 plus 

total energy intake (cross-sectional and longitudinal). Blood insulin (0.06 stdβ; 

95%CI: 0.03, 0.09) and insulin resistance (0.05 stdβ; 95%CI: 0.02, 0.08) 

presented a positive longitudinal association with BPA daily exposure after 

adjustment for model 4. The same findings were observed for fat mass 

percentage (0.03 stdβ; 95%CI 0.01, 0.06) and waist circumference (0.06 stdβ; 

95%CI: 0.04, 0.08). For z-BMI, a positive cross-sectional (0.03 stdβ; 95%CI: 0.01, 

0.04) and longitudinal (0.02 stdβ; 95%CI: 0.00, 0.04) association was found 

[Paper IV]. 

Finally, the association of food contaminants exposure on pubertal development 

in children and adolescents aged 4 to 13 was assessed. Linear regression 

models were used to test the associations between exposure to acrylamide and 

BPA (individually and combined) and pubertal development. A significant 

negative association was found between individual acrylamide exposure at 7 

years (-0.007β (95% CI: -0.013, -0.002)), 10 years (-0.006β (95% CI: -0.010, -

0.003)) and 13 years (-0.005β (95% CI: -0.009, -0.001)) and the pubertal 

development global score in girls, and a significant positive association for 

individual acrylamide exposure at 13 years (0.003β (95% CI: 0.000, 0.007)) in 
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boys. A significant positive association between BPA exposure at 10 and 13 

years and a higher pubertal development global score was only found in boys. 

Testing the combined exposure did not significantly change the results observed 

for the individual exposure to each food contaminant. Therefore, childhood and 

adolescent exposure to acrylamide and BPA was associated with impaired timing 

of puberty onset, representing a relevant public health concern. 

 

Main conclusions 

This thesis tested the association between food contaminants exposure, namely 

acrylamide and bisphenol A, and the development of adverse metabolic 

outcomes from childhood to adolescence. 

Dietary acrylamide exposure was estimated using a probabilistic approach based 

on self-reported dietary information, while BPA exposure was estimated using 

three methodologies, with the random forest method (integrating self-reported 

dietary data and urinary metabolite concentrations) being the most accurate 

approach. Additionally, we showed that even with a relatively small number of 24-

hour urine samples, it is possible to predict a large sample or the population's 

daily BPA exposure, presenting a relevant insight from this thesis. 

The current exposure to acrylamide and bisphenol A in children and adolescents 

indicated a public health concern since it largely exceeds the values or the 

margins considered safe. 

Longitudinal analyses showed acrylamide exposure positively associated with 

higher waist circumference, fat mass percentage, blood glucose, insulin, and 

insulin resistance, while a negative association with higher z-BMI, cholesterol, 

and blood pressure was found. This variability suggests that the effects of dietary 

acrylamide exposure on cardiometabolic health are complex and multifactorial. 

For BPA, positive associations were found with higher blood insulin, insulin 

resistance, fat mass percentage, waist circumference, and BMI z-scores from 

ages 4 to 13. Thus, BPA early exposure may impair cardiometabolic outcomes in 

future stages of life. 
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A negative association was found between individual acrylamide exposure and 

pubertal development in girls at 7 years, 10 years and 13 years. A positive 

association was found between individual acrylamide and BPA exposure and 

pubertal development in boys at 10 and 13 years. The combined exposure to 

acrylamide and BPA did not significantly change the results observed regarding 

pubertal development. In conclusion, early exposure to acrylamide and BPA, 

individually or combined, was associated with impaired timing of puberty onset. 

Future research should evaluate the effectiveness of mitigation measures and 

explore consumers’ exposure to other food contaminants. From a public health 

perspective, the example of the European Community may inspire other 

countries to adopt similar mitigation measures and food policies, protecting 

consumer health globally. Efforts must focus on reducing food contaminants in 

products, as well as promoting healthier dietary patterns, mainly targeting 

children, adolescents, and their caregivers.  

 

 



 

14 

  



 

15 

 

 

 

 

 

 

 

 

 

 

RESUMO 

 

 

 

 

  



 

16 

 

 



Resumo 

17 

Introdução 

A alimentação desempenha um papel fundamental na saúde humana, 

fornecendo energia e nutrientes importantes para um adequado crescimento, 

desenvolvimento e manutenção da homeostasia do organismo. No entanto, cada 

vez mais se tem vindo a questionar a ideia simplista de que o aumento da 

obesidade e de outras comorbilidades é apenas causado pelo desequilíbrio 

energético. Estudos anteriores avaliaram o efeito da exposição a fatores de risco 

não convencionais na saúde, como os contaminantes alimentares. A acrilamida 

e o bisfenol A (BPA) são contaminantes alimentares formados durante o 

processamento térmico ou que migram dos materiais de embalagem, 

respetivamente, e que podem afetar negativamente a saúde humana. As 

crianças e os adolescentes são uma faixa etária vulnerável devido a uma 

relativamente maior ingestão de alimentos por quilograma de peso corporal e à 

maturação incompleta dos sistemas metabólicos ou órgãos-chave. 

A acrilamida tem a capacidade de formar adutos com proteínas e ácidos 

nucleicos, provocando genotoxicidade, carcinogenicidade, neurotoxicidade, 

hepatotoxicidade, toxicidade cardiovascular e toxicidade reprodutiva. Estudos 

recentes sugeriram que a acrilamida possa ser um potencial disruptor endócrino, 

alterando biomarcadores cardiometabólicos e o desenvolvimento pubertário, 

através de mecanismos relacionados com o stress oxidativo, peroxidação 

lipídica, adipogénese e desregulação hormonal. 

O BPA pode interferir com os recetores de estrogénio e, consequentemente, com 

o sistema endócrino, permitindo que o BPA seja classificado como um disruptor 

endócrino. Além disso, a exposição crónica a BPA, mesmo em concentrações 

muito baixas, pode prejudicar a saúde humana, levando ao desenvolvimento de 

doenças metabólicas e a alterações no desenvolvimento pubertário. 

Os estudos epidemiológicos longitudinais que testam a associação entre a 

exposição a estes contaminantes alimentares e as alterações metabólicas, 

desde a infância até à adolescência, são limitados e as incertezas ainda 

necessitam de muitas clarificações. 
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Objetivos 

O principal objetivo da presente tese foi avaliar os efeitos da exposição a 

contaminantes alimentares, nomeadamente acrilamida e bisfenol A, no 

desenvolvimento de alterações metabólicas na saúde de crianças e 

adolescentes. Assim, seguem-se os objetivos específicos a responder: 

1. Avaliar a exposição alimentar a compostos xenobióticos derivados do 

processamento alimentar e de materiais de embalagens alimentar (acrilamida e 

bisfenol A), aplicando métodos diretos e indiretos: 

1.1. Avaliar a exposição alimentar a acrilamida aplicando métodos de 

avaliação alimentar auto-reportados; 

1.2. Avaliar a exposição alimentar a bisfenol A aplicando métodos de 

avaliação alimentar auto-reportados e metabolitos urinários; 

2. Avaliar longitudinalmente a exposição a compostos xenobióticos e testar a 

associação entre a exposição a contaminantes alimentares e alterações de 

saúde desde a infância até à adolescência: 

2.1. Estimar a avaliação de risco de contaminantes alimentares, 

nomeadamente acrilamida e bisfenol A; 

2.2. Testar longitudinalmente a associação entre a exposição a 

compostos xenobióticos (acrilamida e bisfenol A) e alterações 

cardiometabólicas; 

2.3. Explorar a associação da exposição a acrilamida e a bisfenol A no 

desenvolvimento pubertário aos 10 e 13 anos de idade. 

 

Métodos 

Esta tese incorpora dados da coorte de nascimento Geração XXI (GXXI) (Porto, 

Portugal, 2005-2006), bem como do Inquérito Alimentar Nacional e de Atividade 

Física (IAN-AF 2015-2016). 

A coorte de nascimento Geração XXI incluiu na avaliação inicial 8647 recém-

nascidos (idade gestacional >24 semanas) de cinco maternidades públicas da 

área metropolitana do Porto. As avaliações de seguimento foram conduzidas nas 

idades de 4 (2009–2011, 86% de participação), 7 (2012–2014, 80% de 
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participação), 10 (2015–2017, 76% de participação) e 13 anos (2018–2020, 54% 

de participação, interrompida devido à pandemia da COVID-19). Durante cada 

avaliação, investigadores treinados realizaram entrevistas presenciais usando 

questionários estruturados, enquanto profissionais de saúde treinados 

recolheram medidas antropométricas (peso, altura, perímetro da cintura), dados 

sobre a composição corporal (bioimpedância), pressão arterial, amostras de 

sangue (colesterol total, colesterol LDL, colesterol HDL, triglicerídeos, glicose, 

insulina) e amostras de urina (concentração de BPA). 

Foi estimada a percentagem de massa gorda (%MG) e o índice de massa 

corporal específico para a idade e sexo (z-IMC). Calculou-se o modelo de 

avaliação homeostático para a resistência à insulina (HOMA-IR), para além dos 

z-scores da pressão arterial sistólica e diastólica específicos para a idade, sexo 

e altura (z-PAS, z-PAD). 

O desenvolvimento pubertário foi avaliado por profissionais treinados aos 10 e 

13 anos de idade através da escala de Tanner. 

Os dados alimentares foram recolhidos através de diários alimentares de três 

dias (dois dias de semana e um dia de fim de semana), informatizados e 

categorizados através do sistema de classificação FoodEx2. O cuidador principal 

preencheu o diário alimentar do participante aos 4, 7 e 10 anos de idade, 

enquanto na avaliação dos 13 anos, o diário alimentar foi preenchido pelo 

adolescente com a ajuda dos pais/cuidadores. 

No inquérito IAN-AF, um total de 5811 participantes com idades compreendidas 

entre os 3 meses e os 85 anos completaram duas entrevistas. Entre os 

participantes menores de 18 anos, 1959 forneceram os dados completos 

relativos a dois dias de registo alimentar. Os nutricionistas treinados recolheram 

informação adicional sobre diferentes dimensões, nomeadamente 

características sociodemográficas, dados gerais de saúde, tempo de prática de 

atividade física de lazer, comportamentos sedentários e antropometria. 

A ingestão alimentar foi obtida através de dois diários alimentares de um dia, não 

consecutivos, para crianças com menos de 10 anos ou de questionários às 24 

horas alimentares anteriores para os restantes participantes. Estes dados foram 
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informatizados através do Software eAT24, uma ferramenta validada que integra 

o sistema de classificação FoodEx2. 

 

Resultados 

Foi utilizada uma metodologia probabilística para estimar a exposição alimentar 

diária a acrilamida. Três valores possíveis que representam a distribuição da 

ocorrência de acrilamida nos alimentos foram atribuídos aleatoriamente a cada 

item alimentar, tendo em conta a variabilidade intra e inter-individual. As crianças 

portuguesas dos 1 aos 2 anos apresentaram a mediana mais elevada de 

exposição alimentar a acrilamida, 0,75 µg/kg peso corporal/dia (percentil 95: 1,41 

µg/kg peso/dia), seguidas das crianças dos 3 aos 9 anos com 0,69 µg/kg 

peso/dia (percentil 95: 1,32 µg/kg peso/dia) e dos adolescentes dos 10 aos 17 

anos com 0,54 µg/kg peso/dia (percentil 95: 1,07 µg/kg peso/dia). A exposição 

alimentar atual a acrilamida levanta preocupações em relação aos efeitos 

neoplásicos, em todos os percentis de exposição e para todas as faixas etárias, 

uma vez que as margens de exposição calculadas (MOE) estavam 

significativamente abaixo do limite de segurança 10000. Os fatores associados 

e os grupos de alimentos que mais contribuíram para a exposição a acrilamida 

também foram descritos por faixa etária [Artigo I]. 

Foram testadas três abordagens metodológicas para estimar a exposição diária 

a BPA, utilizando dados da avaliação dos 13 anos na coorte de nascimento 

GXXI. O primeiro método seguiu uma abordagem determinística tradicional, 

multiplicando o consumo alimentar pela ocorrência (concentração) de BPA nos 

grupos de alimentos. No segundo e terceiro métodos, a informação alimentar 

(grupos de alimentos e material de embalagem reportados) e a concentração 

urinária de BPA medida numa subamostra, foram combinados de forma a 

desenvolver um modelo de árvore de regressão (regression tree model) e uma 

floresta de árvores aleatória (random forest), ambos usados para prever a 

exposição diária a BPA na restante amostra. O random forest foi a melhor 

metodologia para estimar a exposição diária a BPA. A abordagem tradicional foi 

a metodologia menos válida e menos precisa para estimar a exposição diária a 

BPA, sendo os valores medianos de exposição nos adolescentes 5 a 6 vezes 
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superiores aos medidos na urina. Independentemente da abordagem 

metodológica, 99,9% dos participantes apresentaram uma exposição acima da 

Ingestão Diária Tolerável (TDI) de 0,2 ng/kg peso/dia, indicando um potencial 

risco para a saúde [Artigo II]. 

No estudo longitudinal, a exposição alimentar mediana a acrilamida na coorte de 

nascimento GXXI variou de 0,44 µg/kg peso/dia aos 13 anos de idade (percentil 

95: 1,04 µg/kg peso/dia) a 0,79 µg /kg peso/dia aos 4 anos de idade (percentil 

95: 1,92 µg/kg peso/dia). A MOE para efeitos neoplásicos indicou uma 

preocupação de saúde pública entre os participantes da GXXI. Foi utilizado o 

modelo generalised least squares: modelo 1 ajustado para a exposição alimentar 

diária a acrilamida (transversal e longitudinal); modelo 2 ajustado para o modelo 

1 mais o sexo dos participantes, idade materna, escolaridade materna, hábitos 

tabágicos maternos, prática de atividade física regular de lazer (transversal e 

longitudinal); modelo 3 ajustado para o modelo 2 juntamente com a ingestão 

energética total (transversal e longitudinal). Encontraram-se associações 

longitudinais positivas entre a exposição a acrilamida e um maior perímetro da 

cintura (0,06 stdβ; IC 95%: 0,03; 0,08), %MG (0,04 stdβ; IC 95%: 0,01; 0,06) e 

glicose no sangue (0,03 stdβ; IC 95%: 0,00; 0,07) (modelo 3). Para a insulina 

sérica (0,08 stdβ; IC 95%: 0,05; 0,12) e a resistência à insulina (0,08 stdβ; IC 

95%: 0,05; 0,12), apenas a associação transversal positiva foi observada. No 

sentido inverso, foi encontrada uma associação longitudinal negativa para o z-

IMC (-0,07 stdβ; IC 95%: -0,09; -0,04), colesterol total (-0,07 stdβ; IC 95%: -0,11; 

-0,04), colesterol LDL (-0,08 stdβ; IC 95%: -0,11; -0,04), colesterol HDL (-0,06 

stdβ; IC 95 %: -0,09; -0,02), z-PAS (-0,07 stdβ; IC 95%: -0,10; -0,03) e z-PAD (-

0,03 stdβ; IC 95%: -0,06; -0,00) [Artigo III]. 

Aos 4 anos de idade, a mediana de exposição diária a BPA foi de 68,8 ng/kg 

peso/dia (percentil 95: 90,6 ng/kg peso/dia), enquanto aos 13 anos foi de 24,7 

ng/kg peso/dia (percentil 95: 36,3 ng/kg peso/dia). De acordo com os valores de 

exposição, 99,9% dos participantes apresentaram uma exposição acima do TDI. 

Foi utilizado o modelo generalised least squares: modelo 1 ajustado para valores 

previstos de exposição diária a BPA (transversal e longitudinal); modelo 2 

ajustado para o modelo 1 mais sexo do participante, idade materna, escolaridade 

materna, prática de atividade física regular de lazer (transversal e longitudinal); 
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modelo 3 ajustado para o modelo 2 juntamente com a altura do participante 

(transversal e longitudinal); e modelo 4 ajustado para o modelo 2 juntamente com 

a ingestão energética total (transversal e longitudinal). A insulina sérica (0,06 

stdβ; IC 95%: 0,03; 0,09) e a resistência à insulina (0,05 stdβ; IC 95%: 0,02; 0,08) 

apresentaram uma associação longitudinal positiva com a exposição diária a 

BPA após ajuste para o modelo 4. Os mesmos resultados foram observados 

para a %MG (0,03 stdβ; IC 95% 0,01; 0,06) e para o perímetro da cintura (0,06 

stdβ; IC 95 %: 0,04; 0,08). Para o z-IMC, foi encontrada uma associação positiva 

transversal (0,03 stdβ; IC 95%: 0,01; 0,04) e longitudinal (0,02 stdβ; IC 95%: 

0,00; 0,04) [Artigo IV]. 

Por fim, avaliou-se a associação entre a exposição a contaminantes alimentares 

e o desenvolvimento pubertário em crianças e adolescentes dos 4 aos 13 anos. 

Foram utilizados modelos de regressão linear para testar as associações entre 

a exposição a acrilamida e BPA (individualmente e combinados) e o 

desenvolvimento pubertário. Foi encontrada nas raparigas uma associação 

negativa entre a exposição individual a acrilamida e o score global do 

desenvolvimento pubertário aos 7 anos (-0,007β (IC 95%: -0,013; -0,002)), 10 

anos (-0,006β (IC 95%: -0,010; -0,003)) e os 13 anos (-0,005β (IC 95%: -0,009; 

-0,001)), e uma associação positiva nos rapazes aos 13 anos (0,003β (IC 95%: 

0,000; 0,007)). Uma associação positiva entre a exposição a BPA aos 10 e 13 

anos e um score global mais elevado no desenvolvimento pubertário foi 

encontrada apenas nos rapazes. O teste da exposição combinada não alterou 

significativamente os resultados observados para a exposição individual a cada 

contaminante alimentar. Assim sendo, a exposição durante a infância e 

adolescência a acrilamida e a BPA associou-se a um comprometimento do 

momento do início da puberdade, representando uma relevante preocupação de 

saúde pública. 

 

Conclusões principais 

Esta tese avaliou a associação entre a exposição a contaminantes alimentares, 

nomeadamente acrilamida e bisfenol A, e o desenvolvimento de alterações 

metabólicas, desde a infância até à adolescência. 



Resumo 

23 

A exposição alimentar a acrilamida foi estimada através de uma abordagem 

probabilística baseada na informação alimentar auto-reportada, enquanto a 

exposição a BPA foi estimada através de três metodologias, sendo o método 

random forest (integrando dados alimentares auto-reportados com a 

concentração urinária de metabolitos) a abordagem mais válida e precisa. Além 

disso, mostramos que mesmo com um número relativamente pequeno de 

amostras de urina de 24 horas, é possível prever a exposição diária a BPA para 

a restante amostra, representado uma importante descoberta desta tese. 

A exposição atual a acrilamida e a bisfenol A em crianças e adolescentes indica 

uma preocupação de saúde pública, uma vez que ultrapassa em muito os valores 

ou as margens considerados seguros. 

As análises longitudinais mostraram que a exposição a acrilamida estava 

positivamente associada a maior perímetro da cintura, percentagem de massa 

gorda, glicemia, insulinemia e resistência à insulina, e negativamente associada 

a um maior z-IMC, nível sanguíneo de colesterol e pressão arterial. Esta 

variabilidade sugere que os efeitos da exposição alimentar a acrilamida na saúde 

cardiometabólica são complexos e multifatoriais. 

Para o BPA, foram encontradas associações positivas com níveis mais elevados 

de insulina no sangue, resistência à insulina, percentagem de massa gorda, 

perímetro da cintura e z-scores de IMC entre os 4 e 13 anos de idade. Assim, a 

exposição precoce a BPA pode prejudicar parametros cardiometabólicos em 

fases futuras da vida. 

Foi encontrada uma associação negativa entre a exposição individual a 

acrilamida e o desenvolvimento pubertário em raparigas de 7, 10 e 13 anos. Foi 

encontrada uma associação positiva entre a exposição individual a acrilamida e 

BPA e o desenvolvimento pubertário em rapazes de 10 e 13 anos. A exposição 

combinada a acrilamida e a BPA não alterou significativamente os resultados 

observados individualmente. Em conclusão, a exposição precoce a acrilamida e 

a BPA, individualmente ou combinados, esteve associada a uma alteração do 

momento do início da puberdade. 
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No futuro, os novos projetos científicos deverão avaliar a eficácia das medidas 

de mitigação e explorar a exposição dos consumidores a outros contaminantes 

alimentares. Do ponto de vista da saúde pública, o exemplo da Comunidade 

Europeia pode inspirar outros países a adoptar medidas de mitigação e políticas 

alimentares semelhantes, protegendo a saúde dos consumidores a nível global. 

Os esforços deverão concentrar-se na redução dos contaminantes alimentares 

nos produtos e na promoção de padrões alimentares mais saudáveis, 

especialmente dirigidos às crianças, adolescentes e aos seus cuidadores. 
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1.1. Diet, food quality and food safety 

Dites-moi ce que vous mangez et je vais vous dire ce que vous êtes – “Tell me what 

you eat and I will tell you what you are” – is thought to have been said for the first time 

by Jean Anthelme Brillat-Savarin in 1826 and remains an unconditional belief to current 

days. In fact, considering the scientific evidence and the large number of publications 

on nutritional epidemiology, diet plays an essential role in human health, providing 

energy and important nutrients to maintain the body's homeostasis (1). On one hand, 

a safe and high-quality diet may contribute to the prevention of several health 

disorders. On the other hand, unsafety foods and unhealthy eating habits are risk 

factors for the development of chronic or non-communicable diseases, namely obesity, 

diabetes, cardiovascular diseases and cancer (2). However, the simple idea that 

energy imbalance is the leading cause of the escalating of obesity and other related 

comorbidities has been increasingly placed into question. Many research teams have 

recently tested the influence of unconventional risk factors on health, such as 

environmental chemicals and food contaminants (3). In our diet, contaminants can 

occur naturally in the food matrix due to environmental contamination, be non-

intentionally formed during production, processing, treatment, transport, storage, 

preparation and cooking, or migrate from packaging materials (Figure 1.1.) (4). 

 

Figure 1.1. Sources and routes of contamination in the food chain. 
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It is essential to highlight that, over many decades, the way humans eat and how 

products are presented have changed significantly. The use of thermal food processing 

and packaging materials are examples of achievements that, nowadays, are 

unimaginable to be reversed. Modern society’s trends encourage the search and the 

use of functional products, increasing the choice of processed or packaged foods that 

allow one to prepare meals in minutes (5). 

Thermal food processing not only allows food safety by eliminating possible pathogenic 

agents but also improves the nutritional properties of foodstuffs, increases the 

bioavailability of many compounds and creates desirable sensory characteristics, such 

as flavours, aromas, colours and texture (6,7). Despite this, with thermal processing 

extension, non-intentional heat-induced hazardous substances are also formed (7,8). 

In the last few years, several publications estimated the exposure and tested the safety 

of these food contaminants in health-related outcomes (9–11). According to these 

findings, international organisations have published scientific opinions, highlighting a 

public health concern due to their probable adverse impact on the organic system (12–

15). 

Regarding food packaging, the primary purpose of this technology is to ensure the 

safety of food products, protecting them against physical, chemical and biological 

hazards. Thus, it is possible to increase the shelf-life, retard food deterioration, 

maintain the food quality and food safety and, consequently, reduce the food waste 

(16). Food packaging provides product labelling, including nutritional information and 

cooking instructions, facilitates tracking throughout the entire food chain, supports 

relevant information, and appeals to consumers to purchase (17). Considering all these 

reasons, packaging plays an essential role in maintaining foodstuff characteristics in 

transportation and storage until the final consumer. In Portugal, findings from the 

National Food, Nutrition and Physical Activity Survey 2015-2016 (IAN-AF 2015-2016) 

showed that 57% of the consumed food items were packaged, being plastic the most 

frequent packaging material reported (69%), followed by multilayer material (14%), 

glass (9%), paperboard/paper (4%), metal (3%), and other materials (1%) (18). 

However, to ensure the technological properties of the package, several additives and 

hazardous substances are usually added to the raw packaging materials or are present 

in the adhesives, coatings, inks, dyes and lids (4,19,20). The interaction between the 
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physical and chemical properties of packaging materials and the food components may 

lead to the transfer of certain substances into food and beverages (21,22). This 

process, known as migration, contributes to exposure to food chemicals that may 

adversely affect human health and requires monitoring and control (19). 

 

1.2. Risk assessment of food hazards 

Access to quality and safe food is a right imprinted in the Universal Declaration of 

Human Rights (23) and in the General Food Law Regulation (24). Thus, in 1968, the 

Food and Agriculture Organization of the United Nations and World Health 

Organization published the first version of Codex Alimentarius, compelling a collection 

of food standards and related texts to protect consumers’ health and ensure air 

practices of international food commercialisation (25). This document has been 

updated since that date, always aiming to contribute to the safety, quality and fairness 

of the food system, including new food standards, guidelines and codes of practice 

regarding different issues, such as food hygiene, food additives, residues of pesticides, 

veterinary drugs and contaminants (26). Despite their application being voluntary, as 

they are recommendations, Codex standards attended as a basis for national 

legislation of several countries. 

According to Codex Alimentarius, within the risk analysis of food hazards, risk 

assessment is essential to apply scientific knowledge in establishing food safety 

standards, guidelines and recommendations that will support decision-making. A food 

hazard is any biological, chemical or physical agent in the diet that can potentially 

cause an adverse health effect in the individual organism’. To evaluate the risk 

associated with exposure to certain food hazards, such as food contaminants, the risk 

assessment approach uses available scientific data. It follows four steps: hazard 

identification, hazard characterisation, exposure assessment and risk characterisation 

(26). By definition, hazard identification is the identification of biological, chemical, and 

physical agents capable of causing adverse health effects and which may be present 

in a particular food or group of foods; hazard characterisation is the qualitative and/or 

quantitative evaluation of the nature of the adverse health effects associated with 

biological, chemical, and physical agents which may be present in food; exposure 

assessment is the qualitative and/or quantitative evaluation of the likely intake of 
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biological, chemical, and physical agents via food as well as exposures from other 

sources if relevant; and risk characterisation is the qualitative and/or quantitative 

estimation, including attendant uncertainties, of the probability of occurrence and 

severity of known or potential adverse health effects in a given population based on 

hazard identification, hazard characterisation and exposure assessment (26). 

 

1.2.1. Hazard identification and hazard characterisation 

In risk assessment studies, hazard assessment steps aim to evaluate the adverse 

effects relevant to human health resulting from substance exposure, and characterise 

the dose-response relationships for the selected outcomes (27). 

In hazard identification, researchers identify the contaminant present in food, the 

potential critical endpoints and justify the relevance of their study (27). As most 

previous studies were performed in animals, adverse endpoints should be critically 

selected considering statistical procedures, biological plausibility, and biological 

relevance (27). 

In the hazard characterisation step, the health effects resulting from exposure to food 

hazards are assessed, the dose-response is deeply explored, and a safe exposure 

level for consumers is calculated. In other words, the final purpose of hazard 

characterisation is to establish a value of intake (reference dose) for which an adverse 

health effect on the consumer is confidently not expected (27). For this, uncertainty, 

variability inter- and intraspecies, suboptimal study characteristics and missing data 

are critical factors that must be considered (27). In a more realistic scenario, statistical 

analysis uses a range of dose levels, providing data regarding the lower and higher 

sections of the dose-response relationship (27). Two different statistical approaches 

can be applied to determine the reference dose: No-Observed-Adverse-Effect Level 

(NOAEL) and Benchmark Dose (BMD) approach (27). 

The NOAEL, gathered from previous publications, is the highest dose tested in a 

specific study for which there was no evidence of an adverse effect for a particular 

outcome. Consequently, NOAEL is largely affected by the selected dose ranges, 

sample size, study power, and research expert judgement and their decisions (27). 
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The BMD approach uses all potential toxicological effects and all dose-response data 

to model the dose-response curve for a specific endpoint. The BMD is the dose 

responsible for a defined change in the compound’s response, using the control group 

as a reference. The reference dose in this approach is the lower value of the 

confidence limit of the BMD (BMDL), usually considered at 95% (Figure 2.1.) (27). 

 

Figure 2.1. Key concepts for the BMD approach are illustrated using hypothetical continuous data and 

for a change in response of 5%. Source: EFSA, 2009 (28). 

The advantage of the BMD approach over the NOAEL approach relies on the account 

of all confidence interval ranges for all relevant endpoints, considering uncertainties in 

the data. In contrast, the NOAEL approach often does not adequately cover all 

experimental uncertainties, such as the low power of the study, which can lead to a 

reference dose that may be significantly overestimated (27). 

Reference doses will then be used for establishing health-based guidance values, 

namely acceptable daily intakes (ADIs) for food additives and pesticide residues and 

tolerable daily intakes (TDIs) or tolerable weekly intakes (TWIs) for food contaminants 

(27). 
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Nevertheless, if data for establishing health-based guidance values are considered 

inadequate but allow the estimation of a reference dose (BMDLx), a margin of exposure 

(MOE) approach must be applied in the following steps. Besides data gaps, this 

approach is also used for genotoxic and carcinogenic chemicals, for which it is 

generally believed that any level of exposure is harmful (29). 

 

1.2.2. Exposure assessment and risk characterisation 

After hazard identification and hazard characterisation, exposure assessment and risk 

characterisation are crucial steps for publishing rigorous, relevant and transparent 

scientific opinions on public health concerns related to specific food contaminants. 

The scope of the exposure assessment is to assess chronic exposure to food 

contaminants. The importance of selecting the appropriate method to estimate the 

exposure assessment is undoubted, as it depends on the study’s purpose, the nature 

of the contaminant, the available data, and the available resources (30). As an indirect 

method, theoretical daily dietary exposure is the approach most commonly used and 

combines food consumption data with estimates of chemical concentration in 

foodstuffs. This general model can be represented as: 

Dietary exposure (μg/kgbody weight/day)=Food consumption (kgfood/kgbody weight/day)× 

Contaminant concentration (μg/kgfood) 

Individual food consumption data can be collected through self-reported measures, 

namely, 24-hour recalls and food diaries, while food contaminant concentration in food 

products can be obtained by laboratory analysis or gathered from the literature 

previously published (22,30). However, self-reported food consumption information 

has several limitations related to misreporting, recall bias, participation bias, and 

identification of all dietary sources of food contaminants (31–33). For example, the 

prevalence of misreporting in the Portuguese adult population was 29.9%, with under-

reporting accounting for the majority of cases (28.5%) (34). Furthermore, depending 

on the hazard compound, dietary assessment methods may be insufficient to account 

for intra-individual variability in usual food intake (35) and, consequently, fail to capture 

the entire picture of food contaminants exposure. Thus, to overcome some of these 

limitations, different types of models may be applied to combine consumption and 
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concentration data: deterministic models, using a single estimate value for each 

variable; simple distributions, counting only with the variability of food intake and using 

a fixed value for the contaminant concentration variable; and probabilistic models, 

considering the variability (i.e. heterogeneity) and the uncertainty (i.e. missing 

information) of the variables’ distribution (30). 

Using direct methods, human food contaminants exposure can be evaluated by 

measuring the concentration of the hazard compound, or its metabolites, in biological 

samples. Biomarkers, such as urinary metabolites or haemoglobin adducts, provide 

objective estimates and may also be used to validate and improve indirect methods, 

especially the probabilistic models. Moreover, biomarkers account for all sources of 

exposure, not only with daily dietary exposure. However, in addition to the higher 

associated costs of direct methods, they are challenging to implement and have 

specific limitations (36). For example, depending on the nature of the hazard 

compound, they may represent chronic or acute intakes, leading to over or 

underestimating real individual exposure (30) whenever a biological sample is not 

properly selected. 

Thus, researchers must consider a broad set of factors and intake determinants to 

make informed decisions based on scientific evidence, ensuring an accurate 

integration of food consumption information with data on the contaminant’s occurrence 

while evaluating a scenario representative of the real-life situation. 

As a final step, risk characterisation integrates the evidence from hazard identification, 

hazard characterisation and exposure assessment to obtain an estimated risk in a 

given population. Here, the exposure level is compared with the health-based guidance 

values derived from hazard characterisation (ADIs, TDIs, TWIs), indicating the 

proportion of the population at risk of potential adverse health effects (36,37). 

Considering the available data and the food contaminant, when the MOE approach is 

the best option, the ratio between the reference value (BMDLx) and the individual’s 

exposure dose will indicate the public health concern. 

𝑀𝑂𝐸 =  
𝐵𝑀𝐷𝐿𝑥 (μg/kgbody weight/day)

 Dietary exposure (μg/kgbody weight/day)
 

Nevertheless, a meaningful risk characterisation of a food contaminant can only be 

achieved by considering all the uncertainties associated with hazard and exposure 
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assessments (37). Consequently, public health researchers can draw conclusions on 

the risk level for the general population or specific groups and help political decision-

makers to advise consumers or to control food production. 

 

1.3. State of the art on food contaminants 

As mentioned previously in Chapter 1.1, food and beverages are important route 

sources of contaminants that may occur during production, storage and processing or 

migrate from packaging materials. Thus, during the life course, humans are usually 

exposed to a large variety of exogenous contaminants through dietary intake, acutely 

or chronically, impairing health outcomes in future stages of life. Moreover, in light of 

current knowledge, some limited evidence shows that food contaminants may interact 

or compete between them and/or with other components of the food matrix, either 

exacerbating or reducing the overall health effects of each substance (38). 

The extraordinary chemical complexity of foods largely limits the complete 

identification of all components and food contaminants in nutritional epidemiology. In 

fact, it is estimated that 99% of the biochemicals in our diet, playing a role in the relation 

health-disease, remain unknown and untracked by the national food safety 

organisations and public health institutes (39). 

The present thesis will focus on acrylamide and bisphenol A due to their importance 

for food contaminants resulting from food processing and package materials, 

respectively. Considering their origin and occurrence level, humans are inevitably 

subjected to chronic exposure to these food contaminants, even at low doses. 

Furthermore, the growing public health concerns regarding acrylamide and bisphenol 

A exposure have underscored the urgent need for updated risk assessment studies, 

mainly focusing on vulnerable population groups, to safeguard future generations from 

the potentially harmful effects of these compounds. 

 

1.3.1. Acrylamide 

Industrial and home-cooking thermal procedures, namely roasting, toasting, baking 

and frying, are cooking methods widely applied to our kitchens to ensure safety, 
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nutritional proprieties and desirable sensory characteristics of foodstuffs, such as 

flavours, aromas, colours and texture (6). Despite the theoretically strong link of the 

Portuguese diet to a Mediterranean food pattern, with soups, boils and stews being the 

most characteristic cooking method (40,41), the prevalence of roasting, toasting, 

baking and frying was highly relevant according to the data collected in IAN-AF 2015-

2016 (42). 

However, the thermal process is also responsible for the non-intentional production of 

hazardous substances. Acrylamide is one of these food contaminants formed during 

the high thermal processing of specific foodstuffs. This contaminant was found in food 

products for the first time in 2002 by the Swedish Authorities (43). As other heat-

induced hazardous substances, acrylamide is formed at temperatures higher than 

120ºC, in low moisture conditions, through the chemical reaction between amino acid 

asparagine and reducing sugars, such as fructose and glucose, by the extension of 

the Maillard reaction (8,12). Consequently, food products rich in carbohydrates, such 

as cereal products (bread, toasts, breakfast cereals, biscuits and snacks), potato 

products (roasted potatoes, fried potatoes, potato chips, French fries and crisps), 

coffee and coffee substitutes, usually present higher concentrations of acrylamide (14). 

Humans are exposed to acrylamide through diet, dermal absorption, or inhalation 

related to occupational settings and tobacco smoke. However, diet is the most 

important source of acrylamide for the general non-smoker population (14,44). 

Furthermore, exposure is strongly influenced by eating patterns and cooking practices 

of different geographical regions, thereby impacting the development of adverse health 

effects (3,45,46). Interest in the health impacts of acrylamide exposure has increased 

significantly in the last two decades, driven by its identification as a public health 

concern by different international organisations (14,47). Consequently, and because 

acrylamide was found to have significantly higher concentrations in some foodstuffs 

compared to analogue products of the same category, in 2017, the European 

Commission (EC) introduced Regulation No 2017/2158, establishing mitigation 

measures and benchmark levels to reduce the occurrence of acrylamide in foods (48). 

This document, mandatory for all European Member States and directly applicable to 

food business operators, defined benchmark levels of acrylamide allowed for specific 

foods, including French fries, potato-based products, bread, breakfast cereals, fine 
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bakery wares, coffee, coffee substitutes, and baby food, emphasising that occurrence 

should be as low as reasonably possible (48). Additionally, the regulation proposed 

different mitigation measures, covering all phases of food production susceptible to 

acrylamide formation, with guidelines for agronomy practices, raw material selection, 

storage and transportation, recipe development, process design, and available 

information to the consumers (48). These measures were adapted to the nature of the 

food operation and grounded in scientific and technical knowledge. They have proven 

effective in reducing acrylamide levels without compromising the quality and safety of 

the food product (48) and are aligned with other publications (49,50). 

Despite these mitigation measures, human exposure to acrylamide increased until 

2017, and it has been hypothesised that exposure levels may still be very high in our 

days (46). From a public health perspective, the precautionary principle should be 

followed, combining efforts to reduce acrylamide exposure through the diet. This 

includes encouraging the food industry to implement regulations and guidelines that 

keep acrylamide levels as low as possible and also promoting consumer shifts for 

better dietary choices. 

 

1.3.2. Bisphenol A 

Currently, food safety from farm to fork is ensured by the EC policies, making 

comprehensive information available to every citizen regarding the production, 

processing, packaging, labelling, and sale of the food they consume. Thus, the high 

level of protection of human, animal, and plant health is the main goal of the EC Food 

Safety policies (51). 

Across all sectors of the food chain, food and drinks are in contact with a large number 

of materials before reaching the final consumer. Such materials include containers, 

vats, machinery, kitchenware, tableware, and food packaging, called Food Contact 

Materials (FCM). Considering the transfer of FCM components into foodstuffs and their 

potential negative impact on food quality and human health, the EC published two 

Regulations to guide manufacturing practices of FCM production and guarantee their 

chemical safety (52,53). 
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As a monomer, bisphenol A (BPA) was authorised to be used in the production of 

polycarbonate plastics and epoxy resins of FCM (54), as well as in other non-food-

related applications, namely toys, pacifiers, medical devices, thermal paper, printing 

inks, electronic products, and flame retardants (55–57). Thus, nowadays, BPA is 

frequently found in reusable beverage bottles, infant feeding bottles, tableware, 

cookware, microwave ovenware, food containers, and reservoirs for water dispensers 

made with polycarbonate plastics (56,57). Moreover, cans, vats, tanks and supply 

systems in contact with foods and drinks are coated with protective linings containing 

epoxy resins composed of BPA (56). 

BPA can leach the components of FCM and migrate into foods and beverages in a 

process called migration. This process is influenced by storage conditions such as 

temperature, pH of surrounding medium, water content, area and time of contact 

(58,59). Therefore, the most important source of BPA exposure for the general 

population is diet (56,60), primarily through canned food and beverages (61,62). 

Given the raised concerns about the adverse health effects of BPA exposure, even at 

low doses, the EC regulated the use of BPA in FCM (54) and banned the use of BPA 

in all infant feeding bottles (63) based on the precautionary principle. Moreover, in 

2018, the EC updated the specific migration limit of BPA from 0.6 mg/kg to 0.05 mg/kg 

of food (64). Despite the decrease observed in the last years, BPA exposure remains 

very high worldwide (65,66). In light of the current knowledge and taking into account 

the uncertainties, the public health concern cannot be disclosed for all population 

groups (56). Thus, very recently, in December 2024, the EC approved a new 

Regulation 2024/3190, amending Regulation No 10/2011 and repealing Regulation 

2018/213, prohibiting the use of BPA in the manufacture of FCM and articles of which 

it may be a component, including adhesives, rubbers, ion-exchange resins, plastics, 

printing inks, silicones, varnishes and coatings (67). Moreover, the document stated 

that other bisphenols and bisphenol derivatives, such as bisphenol S, are not permitted 

without an up-to-date assessment by the European Food Safety Authority (EFSA), 

showing that their use does not endanger human health. In case of a specific 

application where suitable alternatives do not exist and in which such substances are 

critical for the purpose of that FCM, business operators should apply for authorisation 

to use hazardous bisphenols or bisphenol derivatives. This Regulation will enter into 

force on 20th January 2025. Since the prohibition of BPA use presents a significant 
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challenge in the specific formulation of FCM and articles, EC allowed a transition period 

of 18 months on which business operators have to find alternative solutions that should 

not represent a health risk to consumers (67). 

 

1.4. Diet and food contaminants exposure through the life course 

Regardless of each country's unique dietary and cultural identity, significant changes 

in eating patterns and lifestyle behaviours have been observed throughout the globe 

during the last decades (68). The continuous development of technology related to 

food production and processing, regional urbanisation, economic globalisation, the 

mass media revolution, and income improvement are the most critical factors that 

largely contributed to shifts in the global food system and food consumption (69). Even 

though we know that achievements in food technology were essential to improve food 

availability, digestibility, safety, transportability, storage life, and food waste, this 

accelerated process may present implications for human nutrition and health (70). 

Nowadays, the durability, convenience of ready-to-eat meals, accessibility, palatability, 

marketing, and price make highly processed products very tempting over fresh food at 

the moment of purchase decision in both developed and developing countries (69,71). 

Furthermore, these shifts in dietary patterns and lifestyle behaviours have been 

associated with the increasing prevalence of non-communicable diseases, such as 

obesity, type-2 diabetes, cardiovascular diseases, and cancer, representing in our 

days a major global socioeconomic burden (69). 

It is also important to consider that each person can theoretically change or improve 

their eating habits in any life stage, modifying their exposure to food contaminants. 

However, in specific time periods, individuals are more prone to experience significant 

dietary changes, called inflexion points (72). Early life, i.e., the first 1000 days of life, 

childhood, and adolescence, are critical temporal windows when dietary patterns are 

likely to change due to social and cultural influence as well as socioeconomic and 

environmental factors (72,73). In fact, early food preferences, nutritional quality, and 

food safety are crucial for establishing long-term health behaviour patterns, thereby 

modulating the risk of developing non-communicable diseases (72,74). 

A higher exposure to food contaminants may result from specific dietary patterns 

observed in children and adolescents (75,76). In addition, children consume more 
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foodstuffs expressed per kg of body weight than adults, relatively increasing the 

adverse compound exposure (77). Beyond that, as they are still growing, the 

physiology and some organ systems of children and adolescents present an 

incomplete maturation, making these population groups more susceptible to 

neurological, endocrine, and immunological toxic effects (75,78). 

For these reasons, children and adolescents are recognised as a vulnerable group to 

the detrimental health effects of food contaminants. Even though most of the studies 

that assessed the risk of food hazards were focused on and performed on adults. To 

fill this knowledge gap and empower the discussion between public health researchers, 

risk communicators, and policymakers, more epidemiological studies are needed to 

clarify the uncertainties regarding the effects of early food contaminant exposure on 

future health outcomes. 

 

1.5. Health effects of food contaminants exposure 

To fully understand the mechanisms involved in the effects of food contaminants 

exposure, the toxicokinetics of the compound should be comprehensively explored. 

Toxicokinetics describes all processes of absorption, distribution, metabolism and 

excretion and is essential to understanding the mode of action of food contaminants 

and their metabolites (79). 

 

1.5.1. Acrylamide 

After oral exposure, acrylamide is completely absorbed in the gastrointestinal tract. 

Reaching the systemic circulation, acrylamide is distributed to different tissues 

throughout the body. Independently of the route source, acrylamide is extensively 

metabolised through its conjugation with glutathione or its epoxidation to glycidamide 

in the cytochrome P450 enzyme complex. Then, acrylamide and glycidamide can form 

covalent binding with proteins, including haemoglobin, making these important blood 

biomarkers of all acrylamide exposure sources. The metabolic inactivation of 

acrylamide and glycidamide comprises the hydrolysis of glycidamide or the formation 

of glutathione adducts for both compounds, which are then transformed into 
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mercapturic acids and excreted in urine (80,81). The concentration of these 

mercapturic acids in urine can be used as biomarkers of all acrylamide exposure. The 

body elimination appears to occur in two phases, being the half-live for the first phase 

of 5 to 8 hours and the second of 8 days (80). Finally, bioaccumulation is not the most 

probable scenario despite their covalent binding to specific proteins. 

Regarding the modes of action, acrylamide can react with proteins due to their 

electrophilic characteristics. Effectively, acrylamide and glycidamide can form adducts 

by binding to nucleophilic sites in proteins (haemoglobin, albumin, enzymes) and 

nucleic acids (DNA), impairing the correct function of different cells, such as neuronal 

cells, immune cells, and germ cells inducing, ultimately, apoptosis (82–85). Therefore, 

this food contaminant may cause different toxicological effects, namely genotoxicity, 

carcinogenicity, neurotoxicity, hepatoxicity, cardiovascular toxicity and reproductive 

toxicity (14,49,50,86). 

Considering the available toxicological studies, the International Agency for Research 

on Cancer classified acrylamide as probably carcinogenic in 1994 (47). In 2015, EFSA 

published a Scientific Opinion on acrylamide exposure from foods, which reviewed a 

large number of epidemiological data from animal and human studies, identified the 

critical effects and derived a health-based guidance value (14). To the best of their 

knowledge and considering all data published until 2015, EFSA identified four possible 

critical endpoints: neurotoxicity, effects on male reproduction, developmental toxicity 

and carcinogenicity. As both acrylamide and glycidamide were positive for genotoxicity 

tests, the EFSA Panel defined a Lower confidence limit of the Benchmark Dose for a 

10% extra risk (BMDL10), based on animal studies, to be used for the risk 

characterisation, applying the MOE approach. 

Thus, for the non-neoplastic endpoints (neurotoxicity, reproductive toxicity, and 

developmental toxicity), EFSA followed a conservative approach where the most 

relevant and sensitive outcome was considered. This approach identified peripheral 

neuropathy as the critical effect, corresponding to the lowest derivated BMDL10 value 

of 0.43 mg of acrylamide/kg of body weight/day. A MOE lower than 125 indicated a 

public health concern for this outcome. For neoplastic effects, a BMDL10 value of 0.17 

mg of acrylamide/kg of body weight/day was derived from the incidence of Harderian 

gland adenomas and adenocarcinomas (organ found in mice), corresponding to the 
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lowest value of the available genotoxic and carcinogenic data. A MOE lower than 

10,000 indicated public health concern for genotoxic and carcinogenic effects (14). 

At the end of the Scientific Opinion, EFSA concluded that the exposure to acrylamide 

across European countries and age groups was above the MOE of 125, indicating no 

health concern for non-neoplastic effects. However, in toddlers and older children, the 

95th percentile of exposure for the most conservative scenario presented a MOE of 

126 and 134, respectively, very close to the limit considered safe. Regarding neoplastic 

effects, since the MOE values were substantially lower than 10,000, the EFSA Panel 

concluded that there was a public health concern across all countries and age groups 

(14). 

Recently, the potential endocrine disruptor effect of acrylamide has been discussed, 

as well as its role in oxidative stress (3,87,88). On one hand, different authors 

concluded that acrylamide may impair the balance of cardiometabolic biomarkers, 

such as serum lipid and glucose profiles, through a not completely understood 

mechanism involving lipid peroxidation and adipogenesis (3,9,89,90). On the other 

hand, studies performed on adults found controversial results by testing the 

association of acrylamide exposure with obesity and obesity-related comorbidities (91–

93). For example, in National Health and Nutrition Examination Surveys (NHANES) 

with national cross-sectional data from adults in the United States, positive, negative 

or non-significant associations were found between acrylamide exposure and 

cardiometabolic outcomes, namely lipid profile and body composition outcomes, 

according to the blood biomarkers chosen to characterise exposure (94–98). Also, the 

results from a cross-sectional study performed on adults from the European 

Prospective Investigation into Cancer and Nutrition cohort (EPIC) showed a positive 

association of acrylamide exposure with Body Mass Index (BMI), considering 

haemoglobin adducts of glycidamide and the ratio glycidamide-to-acrylamide but failed 

to find an association for haemoglobin adducts of acrylamide (93). Lastly, concerning 

glucose homeostasis, a study of Chinese adults found a positive association between 

acrylamide exposure and higher fasting plasma glucose levels (90). However, an 

NHANES study found inconsistent results for type 2 diabetes, depending on the 

chosen exposure biomarker (96). 
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Acrylamide may also cause detrimental effects on the reproductive system, impairing 

pubertal development. But, the mechanisms behind this adverse association are not 

entirely understood, and different plausible pathways exist. On the one hand, animal 

experiments demonstrated that oral exposure to acrylamide increased reactive oxygen 

species and DNA damage, leading to meiotic division abnormalities, cell inviability and 

apoptosis of germ cells (99,100). On the other hand, acrylamide also interacts directly 

with the reproductive neuroendocrine system by disrupting sex hormones. Acting as 

an endocrine-disruptor chemical, acrylamide disturbs the hypothalamic-pituitary-

gonadal axis by interfering with the hypothalamus-produced gonadotropin-releasing 

hormone neurons and downregulate sex hormone concentrations in both female and 

male pubertal animals (101). Additionally, epidemiological evidence assessing the 

association between dietary acrylamide exposure and pubertal development is very 

limited and inconclusive, especially in the human adolescent population. Among a 

preschool-age Japanese sample in 2006, a positive association between dietary 

acrylamide exposure and sex hormone levels was found only in boys (102). Another 

Japanese study developed during 2013-2015, including adolescents aged 13 to 14, 

found that acrylamide mercapturic acids were associated with lower testosterone 

levels and lower puberty stage in males (103). From two studies performed with 

different cross-sectional data from NHANES, one with data from 2003-2004 failed to 

find significant results (104), but the other with data from 2013-2016 found a negative 

association of haemoglobin adducts of acrylamide and glycidamide with sex hormone 

levels in both girls and boys (101). 

 

1.5.2. Bisphenol A 

BPA is rapidly absorbed in the gastrointestinal tract after oral exposure, with a high 

degree of absorption (105). In the liver, BPA is metabolised primarily through 

glucuronide conjugation or by sulfate conjugation to a lower extent, inactivating this 

contaminant (105). Then, the biologically inactive form of BPA reaches the systemic 

circulation, where is rapidly distributed in the entire body with no particular affinity for 

any organ. Conjugated BPA is excreted primarily via urine (105), with a half-life of 

nearly 6 hours in the human body, being this a valid biomarker of daily exposure 

(106,107). Considering the lower contribution of other routes, the concentration of BPA 
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in urine may represent dietary exposure to this contaminant for the general population 

(57,108,109). Finally, toxicokinetic data show that despite the hydrophobic 

characteristic of BPA, there is no evidence of its accumulation in the environment or 

biological tissues (105,110). 

Glucuronidated BPA may interfere with oestrogen receptors and, consequently, with 

the endocrine system, allowing BPA to be classified as an endocrine disruptor 

(105,111). Moreover, different studies showed that chronic BPA exposure may impair 

human health, even at lower concentrations, leading to a broad set of non-

communicable diseases (112,113). 

In 2015, considering the publications available on the health effects of BPA dietary 

exposure, EFSA established a temporary Tolerable Daily Intake (t-TDI) of 4 µg/kg of 

body weight/day, pending the results of long-term studies, which was expected to be 

published in a short period (114). Later on, in 2023, EFSA re-evaluated the risk related 

to the presence of BPA in foodstuffs and included the most recent publications and the 

results from the pending longitudinal studies. In this scientific opinion, according to the 

available epidemiological data performed in animal models and humans, EFSA 

identified different potential endpoints of BPA exposure: general toxicity, including, 

among others, body weight, liver, kidney and thyroid gland effects, metabolic disorders, 

neurotoxicity, cardiotoxicity, carcinogenicity, immunotoxicity, reproductive and 

developmental toxicity (56). Only endpoints with a likelihood of “Likely” or “Very Likely” 

classified in the weight of evidence analysis were included to derivate TDI. As a result, 

only studies performed on animals were included related to the immunotoxicity, 

metabolic effects (uric acid), neurotoxicity, and reproductive and developmental toxicity 

endpoints (56). Thus, considering the uncertainties of the included studies, EFSA 

updated the TDI value to 0.2 ng/kg of body weight/day, based on a study of Th17 cells 

immunotoxicity, as the most relevant health effect of oral BPA exposure (56,115). 

Finally, EFSA concluded that dietary BPA exposure across all age groups represented 

a public health concern since it vastly exceeded the updated TDI value (56). 

Regardless of the findings of experimental animal studies, the results of human 

epidemiological studies remain inconclusive, especially regarding anthropometric and 

cardiometabolic outcomes. In different cross-sectional studies, including data from 

children and adults, cardiometabolic outcomes such as increased BMI (116–118), 
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waist circumference (116), blood glucose (116,119) and serum lipids (120) were 

positively associated with BPA exposure. However, other cross-sectional studies found 

contradictory results or no association between BPA exposure and the same 

outcomes, also performed in both children and adult population groups (65,121–123). 

A systematic review with meta-analyses published in 2020 found a significant positive 

association between exposure to BPA and overweight and general and abdominal 

obesity in adults. Still, it failed to find an association across children (124). Recently, 

an umbrella review concluded that BPA exposure was associated with multiple health-

related outcomes, including obesity and cardiovascular risk factors. However, 

interpreting these results should be done cautiously given the high heterogeneity and 

the low effect size observed in the included systematic reviews (125). In fact, the 

majority of the previous meta-analyses included studies with both cross-sectional and 

cohort designs, most of the time without stratifying the results by age group. 

As an endocrine disruptor compound, BPA interferes with the normal function of the 

reproductive system, negatively affecting pubertal regulation at younger ages. 

Considering the estrogenic and anti-androgenic potential effects of BPA, this food 

contaminant affects the pubertal timing by disturbing the secretion of sex hormones 

(111,126). However, previous studies evaluating the effects of BPA exposure on 

pubertal development have reported conflicting results, leaving the nature of this 

association unclear. From a cohort sub-sample of girls, prenatal exposure to BPA was 

inversely associated with early breast budding, but the authors failed to find that 

association with childhood exposure (127). A cross-sectional study performed on 

Chinese girls aged between 6 and 9 years found that higher levels of urinary BPA were 

positively associated with precocious puberty (128). However, some studies have 

found no significant association, as concluded in different systemic reviews 

(126,129,130). Indeed, two different meta-analyses, published in 2020 and 2022, 

concluded that BPA exposure was not associated with changes in pubertal 

development despite the large heterogeneity among studies (sample size, study 

designs, exposure assessment methodology and statistical analysis) (126,130). 
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1.6. Food contaminants and uncertainties 

In every toxicological study, and for the purpose of this thesis, some uncertainties be 

addressed. First, the exposure assessments were frequently estimated using 

occurrence data of contaminants in food or dietary intake information that may not 

represent the current exposure or the current consumption, considering the large time 

gap between the data collection and the performed study. Second, most studies 

assessing the exposure to food contaminants applied deterministic approaches, not 

considering the intra or interindividual variability. Third, the impact of other dietary 

components on the toxic effects of food contaminants was not commonly considered 

(39). Fourth, indirect methods are used to estimate food contaminants exposure, and 

direct methods are used to test the associations with health outcomes, not integrating 

both methodological approaches. Fifth, the data used by EFSA to perform the dose-

response assessment and to derivate safe values only included studies on animals 

since the human studies were not available or were not adequate to establish reference 

points (14,56). Sixth, EFSA uses the Harderian gland as the target tissue for the hazard 

characterisation of acrylamide when this organ is not found in the human body (14). 

Seventh, the majority of the studies testing the associations were made in animal 

models or with adults, with the research on children and adolescents being very limited. 

Eighth, the inconsistent results found across different epidemiological studies testing 

the association between food contaminants exposure and health outcomes. Ninth, the 

lack of studies assessing the association of acrylamide exposure with non-

carcinogenic outcomes, such as endocrine, cardiometabolic and obesity-related 

endpoints. Tenth, the multiple causes behind the development of non-communicable 

diseases challenge the founds observed by isolating a single food contaminant effect. 

Eleventh, the time frame of the previous studies may not be sufficient to identify or 

clearly find associations between food contaminant exposure and health effects, 

especially in children and adolescents. Twelfth, most previous studies were cross-

sectional and not representative of the population where they were conducted. 

Thirteenth, longitudinal studies published assessing the effect of food contaminants on 

health outcomes were very rare, especially considering the exposure in the early 

stages of life, namely during childhood and adolescence. 
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1.7. Conceptual framework and justification 

The complexity of the diet and the difficulty in establishing a clear diet-disease 

relationship is unquestionable. Early exposures to hazardous compounds have a 

negative impact on health outcomes in future stages of life, with effects that may only 

become detectable during adolescence. 

Considering the previous publications and the uncertainties described in Chapter 1.6. 

there is a lack of risk assessment studies that consider both direct and indirect methods 

to estimate dietary exposure to food contaminants and apply probabilistic approaches. 

Moreover, to address the knowledge gap regarding exposure to a mixture of hazardous 

compounds, more studies are needed to assess the effect of multiple food 

contaminants intake on human health. Finally, longitudinal studies, especially those 

performed in younger population groups, are required to clarify the associations 

between food contaminants exposure and health effects and their causality. 

In this line, the present thesis will focus on exposure assessment by applying different 

methodological approaches and considering consumption information and data from 

biomonitoring. To clarify the relationship between food contaminants and health 

outcomes, this work will be longitudinal and designed from childhood to adolescence, 

combining exposure to different food contaminants. 

With this in mind, the present results will be essential for the definition of future 

scientific publications and future research pathways, considering the health concerns 

identified. Furthermore, our findings will contribute to identifying and developing new 

indicators that can support public health professionals, risk communicators, and 

policymakers in formulating effective health policies. 
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The main objective of the present thesis was to assess the effects of food 

contaminants exposure, particularly acrylamide and bisphenol A, on the 

development of metabolic outcomes in children and adolescents’ health. Thus, 

the specific objectives to be answered were: 

 

1. To assess dietary exposure to xenobiotic compounds derived from food 

processing and packaging materials (acrylamide and bisphenol A), applying 

direct and indirect methods: 

 1.1. To assess dietary exposure to acrylamide by applying self-reported 

dietary assessment methods (paper I); 

 1.2. To assess dietary exposure to bisphenol A by applying self-reported 

dietary assessment methods and urinary metabolites (paper II); 

 

2. To longitudinal assess the xenobiotic compounds exposure and to test the 

association of food contaminants exposure with health outcomes from childhood 

to adolescence: 

 2.1. To estimate the risk assessment of food contaminants, namely 

acrylamide and bisphenol A (papers III and IV); 

 2.2. To longitudinally assess the association between xenobiotic 

compounds exposure (acrylamide and bisphenol A) and cardiometabolic 

outcomes (papers III and IV); 

 2.3. To assess the association of acrylamide and bisphenol A exposure on 

pubertal development at 10 and 13 years old (paper V). 
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For this thesis, data from the Generation XXI (GXXI) population-based birth 

cohort, established in the metropolitan area of Porto between 2005 and 2006 

(131), and data from the National Food, Nutrition, and Physical Activity Survey of 

the Portuguese general population conducted in 2015-2016 (IAN-AF 2015-2016) 

(132) was used. Considering these two datasets, prospective data from GXXI 

collected at the ages of 4, 7, 10 and 13, as well as cross-sectional data from the 

IAN-AF 2015-2016 of the Portuguese population aged between 3 months and 84 

years, were used for the design and development of the manuscripts included. 

The following sections provide a general overview of the study design, 

participants characteristics and data collection methods for each study. The 

selection of eligible participants was determined by the specific research 

objectives and is detailed in the methods sections of the individual papers. 

 

Ethics approval and consent to participate 

All phases of both studies complied with the national legislation with the Ethical 

Principles for Medical Research Involving Human Subjects expressed in the 

Declaration of Helsinki (133). 

For the GXXI birth cohort, the baseline and follow-up evaluations were approved 

by the University of Porto Medical School/ S. João Hospital Centre Ethics 

Committee, except the 13-year follow-up that was approved by the ISPUP Ethics 

Committee. At baseline and follow-up evaluations, all procedures were explained 

to participants, and an informed consent was signed by one of the parents or 

legal guardians (at 13 years, it was also signed by the participants). The baseline 

evaluation was additionally approved by the Data Protection National 

Commission, and the study follows the present EU General Data Protection 

Regulation under close supervision of the Data Protection Office of ISPUP. 

For IAN-AF 2015-2016, ethical approval was obtained from the National 

Commission for Data Protection, the Ethical Committee of the Institute of Public 

Health of the University of Porto and the Ethical Commissions of the Regional 

Administrations of Health. All participants provided written informed consent. For 

adult participants, this was obtained directly. For children and adolescents under 
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18, consent was secured from their parents or legal representatives. Additionally, 

adolescents aged 10 to 17 were required to provide their own independent written 

consent. All documents with identification data were treated separately and 

stored in a different dataset. The databases with individual information are 

anonymised, allowing the non-identification of the participants. The Data 

Protection Officer at the Institute of Public Health of the University of Porto 

ensured data protection. 

 

2.1. The Generation XXI population-based birth cohort 

2.1.1. Study design and participants 

GXXI is an ongoing prospective population-based birth cohort assembled 

between April 2005 and August 2006 at the five public units providing obstetrical 

and neonatal care in the metropolitan area of Porto, Portugal (131). The eligible 

criteria to integrate the cohort study were mothers living in one of the six 

municipalities of the metropolitan area of Porto (Figure 2.1.), delivering at the 

public hospitals covering those municipalities, and giving birth to live babies with 

gestational age >24 weeks. In the 24 to 72 hours after delivery, all mothers were 

invited to participate in the cohort GXXI, and 91% accepted to enrol, resulting in 

8,495 mothers and 8,647 children. 

 

Figure 2.1. Porto Municipalities included in the GXXI study. 
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GXXI was the first large prospective population-based birth cohort study 

designed and implemented in Portugal, aimed to describe prenatal and postnatal 

development and to identify the associated factors. The collected information 

allowed the expansion and improvement of knowledge regarding the growth and 

development of children and adolescents throughout different life stages. 

After baseline recruitment, mothers and children/adolescents have been invited 

to attend in-person interviews at the Department of Public Health and Forensic 

Sciences, and Medical School, Faculty of Medicine, University of Porto, Porto, 

Portugal. Subsamples were evaluated at 6 (n=1555), 15 (n=1043) and 24 months 

(n=855). Subsequently, all participants were invited to participate in the 4- (2009-

2011), 7- (2012-2014), 10- (2015-2017) and 13-year follow-ups (2018-2020). The 

participation rates of each wave were 86%, 80%, 76% and 54%, respectively. 

The lower participation rate in the 13-year follow-up evaluation was related to the 

COVID-19 pandemic, prematurely interrupted in March 2020. Currently, the 18-

year follow-up evaluation is ongoing. 

This thesis uses data collected from the 4-year to 13-year-old evaluations in the 

GXXI cohort. 

 

2.1.2. Data collection 

Trained interviewers applied structured questionnaires in a face-to-face interview 

to collect information from mothers and children regarding sociodemographic 

characteristics, medical history, lifestyle factors, and dietary intake at baseline 

and all follow-up evaluations. During follow-up evaluations, trained nurses 

conducted clinical examinations, measured anthropometric parameters and 

blood pressure, and collected blood and urine samples. 

 

Sociodemographic and maternal characteristics 

At baseline, trained researchers inquired mothers about their socioeconomic 

conditions, medical history, pre-pregnancy and prenatal care, food habits during 

pregnancy, and maternal exposures before and during pregnancy. Researchers 
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also performed a physical examination. After that, at the 4-year follow-up, 

mothers were asked about their smoking habits (current smokers, former 

smokers or never smoked). For the purpose of this thesis, the maternal 

sociodemographic characteristics included were maternal age at baseline (in 

years), educational level at baseline (number of completed schooling years), 

smoking habits at 4-year follow-up (categorised in yes, current smokers, or no, 

former smokers or never smoked). Moreover, the sex of the child, collected at 

baseline, was also included. 

 

Child and adolescents’ anthropometric and blood pressure measurements 

At 4, 7, 10, and 13-year follow-ups, body weight and height were measured by 

trained professionals under standard procedures, after 12 hours of fasting and 

with participants in light clothing and barefoot position (134). Using a wall 

stadiometer (SECA, Hamburg, Germany) and a digital scale (Tanita®, Arlington 

Heights, Illinois, US, model TBF 300), the height was measured to the nearest 

0.1 centimetre and body weight to the nearest 0.1 kilogram, respectively. The 

body mass index (BMI) was calculated as weight over the squared height and 

computed according to age and sex-specific BMI standard deviation scores (z-

BMI) published by the World Health Organization (WHO) (135). 

Tetrapolar bioelectric impedance analysis was performed using BIA 101 

Anniversary® (Akern, Florence, Italy), according to standard procedures (136). 

The percentage of fat mass (%FM) was derived from the Schaefer et al. equation 

(137). 

Waist circumference (WC) was measured at the umbilicus level to the nearest 

0.1 centimetre, with the participant in a standing position, relaxed abdomen, arms 

at the sides and feet together (134,138). 

At 4- and 7-year follow-ups, after a 10-minute rest, with an interval of at least 5 

minutes, using an automatic upper arm blood pressure monitor (Omron®) placed 

over the brachial artery pulse, two measurements of systolic (SBP) and diastolic 

(DBP) blood pressure were taken, and their mean value calculated. If the 

difference between the SBP and DBP measurements was >5 mmHg, a third 
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measurement was taken and considered the mean of the two closest values. At 

the 10- and 13-year follow-ups, three measurements of SBP and DBP were 

taken, and the mean of the two closest values was calculated. Age-, sex- and 

height-specific z-scores for SBP and DBP were calculated according to the 

American Academy of Pediatrics (139). 

 

Child and adolescents’ blood and urine samples 

On the morning of all follow-up evaluations, after a 12-hour overnight fast, a blood 

sample was collected for all participants who had provided consent as well as 

their parents/main caregivers. Blood biomarkers laboratory analyses were 

performed at the Clinical Pathology Department of the Hospital of São João, 

Porto, Portugal. 

At the 13-year follow-up, a convenience sample of 240 participants was invited 

to collect urine for 24 hours, as close as possible to the interview. All procedures 

were explained, orally and by writing, to adolescents and respective parents/main 

caregivers, and the necessary material was made available. Urinary creatinine 

was measured using the Jaffe method (Beckman Coulter) for all samples. Total 

BPA urinary concentration was measured using a dispersive liquid-liquid 

microextraction followed by gas chromatography coupled to mass spectrometry, 

considering 0.03 ng/mL and 0.1 ng/mL as the limit of detection (LOD) and 

quantification (LOQ), respectively (140). 

 

Pubertal development 

Pubertal development was assessed at ages 10 and 13 using the Tanner scale, 

a standardised method for evaluating sexual maturation (141,142). The scale 

evaluates various parameters, including breast development in girls, genital 

development in boys, and pubic hair development in both sexes. Additionally, 

axillary hair was assessed in both girls and boys at the age of 13. Trained 

professionals, previously instructed by a single endocrinologist, performed the 

evaluations. For girls, breast development was examined through both visual 

inspection and palpation, while genital development in boys was determined by 
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measuring testicular volume using the Prader orchidometer. Each parameter was 

categorised into one of five stages: stage 1 representing prepubertal, stages 2 

through 4 indicating pubertal progression, and stage 5 postpubertal. In cases 

where breast or testicular development differed from pubic hair staging, the 

former was prioritised. 

 

Child and adolescents’ dietary intake 

For the dietary intake assessment, parents or primary caregivers were invited to 

complete a three days food diary (including two weekdays and one weekend day) 

at the 4-, 7-, and 10-year follow-ups, while adolescents were invited to do the 

same at the 13-year follow-up. They received oral and written instructions from 

the research team before the face-to-face interview. The participants provided 

detailed information about each food and beverage consumed: consumption 

place and time, food preparation method, brand, quantity consumed, and 

packaging materials (only for 13-year follow-up). Trained researchers reviewed 

the food diaries during the face-to-face interview. They were codified a posteriori 

by a team of trained nutritionists into the Food Processor SQL software (143) at 

4-, 7- and 10-year follow-ups and through eAT24 Module at 13-year follow-up, a 

software developed in the aim of the IAN-AF 2015-2016 (132). The methodology 

of “eAT24” software will be deeply described in the next section. For the 

longitudinal studies included in this work, dietary information from 4-, 7- and 10-

year follow-ups were subsequently harmonised in the “eAT24” software. 

 

Other variables 

Lifestyle factors were also included in the current thesis analysis. In this line, 

parents or the primary caregiver were asked about the usual practice of some 

scheduled and regular sports activity outside the school setting at 4-, 7- and 10-

year follow-ups. Adolescents were similarly questioned during the 13-year follow-

up assessment. The practice of regular leisure physical activity was then 

categorised as yes or no and considered an important confounder variable in the 

present study. 
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2.2. The National Food, Nutrition and Physical Activity Survey 

of the Portuguese Population 

2.2.1. Study design and participants 

The IAN-AF 2015-2016 is a cross-sectional study nationally representative of the 

general Portuguese population between 3 months and 84 years of age (132). The 

survey assessed different dimensions of the Portuguese population, namely 

sociodemographic data, anthropometric measurements, dietary intake, physical 

activity and sedentary behaviours. Participants were randomly selected from the 

National Health Registry in each of the seven Statistical Geographical Units of 

Portugal (NUTs II) by multistage sampling and weighed according to sex and age 

groups (Figure 2.2.). In the first step, sampling was based on the random 

selection of the primary health care units stratified by the seven NUTs II, weighted 

by the number of individuals registered in each unit. The second step of sampling 

was based on the random selection of registered individuals in each primary 

health care unit, according to sex and age groups, considering this selection 

independent of the regular attendance to the National Health System (132). 

According to the complex sampling design of the IAN-AF 2015-2016 survey, the 

results were representative of the Portuguese population since each sample 

participant represented a specific number of individuals in this population. 
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Figure 2.2. Spatial distribution of the primary health care units, weighted by the number of 

registered individuals (NUT  – Statistical Geographic Units of Portugal). Source: Lopes, 2018 

(132). 

Consecutive recruitment waves ensured the use of the most recent versions of 

the National Health Registry lists in the sample selection. Exclusion criteria 

included residing in collective housing or institutions, living in Portugal for less 

than one year (except for infants), inability to speak Portuguese, physical or 

cognitive impairments that hindered participation (e.g., blindness, deafness, 

diagnosed dementia), or death. 

From the 19 635 eligible participants, 6553 attempted the first interview, and 5811 

completed two interviews. The participation rates were 33.4% and 29.6%, 

respectively, higher in children and adolescents and lower in adults and the 

elderly. 

The first paper included in this thesis used data from the entire population (3 

months to 84 years). However, the methods described in the present section and 

the discussion below will be focused on children and adolescent settings (n = 

1959). 
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2.2.2. Data collection 

Trained researchers (nutritionists or dietitians) conducted face-to-face interviews 

from October 2015 to September 2016, including all days of the week across the 

four seasons, and following European standard guidelines (144). The time 

interval between the first and second interviews was planned to be between 8 

and 15 days. This survey was focused on the evaluation of nine dimensions: 

dietary and nutritional intake; eating habits and behaviours; dietary and nutritional 

supplements use; food insecurity; physical activity and sedentary behaviours; 

sociodemographic characteristics; general health data; anthropometrics; and, in 

a subsample, biochemical indicators of nutritional intake. Accordingly, the “You 

eAT&Move” software used for interviews was created and organised into three 

main modules to collect specific information: 

1) You Module: sociodemographic information, anthropometric 

measurements, general health data, food insecurity, and food 

consumption patterns by a Food Propensity Questionnaire; 

2) eAT24 Module: detailed food consumption data through 24-hour recalls 

or food diaries; 

3) Move Module: physical activity data through the International Physical 

Activity Questionnaire, the Activity Choice Index, and Physical Activity 

diaries. 

 

Children and adolescents’ sociodemographic characteristics 

The information on the participant’s sex and age (calculated using the evaluation 

date and the participant's date of birth) was imported from the National Health 

Registry database. Parents or other primary caregivers completed the 

questionnaires for participants aged 9 years or younger. From 10 years old, all 

participants were invited to complete the questionnaires individually. 

Regarding educational level, for children and adolescents, it was considered the 

highest number of completed years of schooling of one of the parents. 

Finally, according to the participants’ parish of residence and the classification of 

urban areas created by the Portuguese National Institute of Statistics (145), three 
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categories of geographical regions were defined: predominantly urban areas, 

medium urban areas and predominantly rural areas. 

 

Child and adolescents’ anthropometric measurements 

Height (length for children younger than 2 years) and weight were measured 

objectively by trained observers according to standard procedures. Height was 

measured to the nearest centimetre using a portable wall stadiometer (SECA 

213, Hamburg, Germany), with participants standing in light clothing and bare 

feet. For children under 2 years old, the recumbent length was measured with a 

measuring rod with large callipers to the nearest 0.1 cm (SECA 207; Hamburg, 

Germany). In the same conditions described above, body weight was measured 

using a digital scale (SECA 813, Hamburg, Germany) to the nearest 0.1 kg. For 

children under 2 years old, a specific paediatrics digital weight scale near 0.01 kg 

(SECA 354, Hamburg, Germany) was used with participants naked and without 

a diaper. 

The BMI was calculated as weight over the squared height, and their categories 

were defined according to the WHO standards (underweight, normal weight, 

overweight and obesity). Age and sex-specific BMI z-scores were used for 

children and adolescents (135). 

 

Child and adolescents’ dietary intake 

Dietary intake was obtained through two non-consecutive one-day food diaries 

for children under 10 or 24-hour recalls for the remaining sample (from 00h00 to 

23h59). This information was collected using the eAT24 Module (Electronic 

Assessment Tool for 24-hour recall), a validated computerised tool to collect and 

process dietary data from 24-hour recall based on the automated multiple-pass 

method for 24-hour (5 steps) (132,146). All items, including beverages and 

dietary supplements, consumed during the previous 24 hours were recorded per 

eating occasion and eating place, quantified and described as eaten. This 

methodology requires describing all food items through several facets and 

respective descriptors using the FoodEx2 classification system (147). In this way, 
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it was possible to collect extensive information about participants’ food intake, 

including food packaging format and materials (pottery, wood, cork, glass, paper, 

paperboard, vegetal paper, film, plastic, textiles, multilayer materials, metal, 

aluminium, edible materials and other materials). Finally, different methods were 

available for quantification of food items and recipes, such as weight and volume, 

photo series included in a food picture book (186 food photo series with six 

portions for each food or recipe and 11 photo series with household measures), 

standard units, household measures and default portion (148).  

The final conversion of food data into energy and nutrients resulted from applying 

this validated “eAT24” module, which integrated the Portuguese Food 

Composition Table and European Food Information Resource (EuroFIR) 

databases for missing items. 

 

Other variables 

For participants between 3 and 17 years old, physical activity levels were 

assessed by asking about their regular practice in any scheduled sports or 

physical activities. Finally, the general questionnaire also gathered information 

on each participant's household composition. The practice of regular physical 

activity and the household composition were considered important variables in 

the present thesis. 
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Supplementary Material 

Table S1: Attributed acrylamide levels (μg/100g of food), estimated based on the 

original distribution published in EFSA Scientific Opinion (14). 

Food category LC (%) LOQ Mean P95 

Potato fried products (except potato crisps and snacks) 14.3 2.4 35.4 97.1 

French fries and potato fried, fresh or pre-cooked, sold as ready-to-
eat 

12.7 2.4 34.6 90.4 

French fries and potato fried, fresh or pre-cooked, sold as fresh or 
pre- cooked, analysed as sold 

40.5 2.4 60.8 188.8 

French fries and potato fried, fresh or pre-cooked, sold as fresh or 
pre- cooked, prepared as consumed 

15.3 2.4 27.9 65.6 

French fries and potato fried, fresh or pre-cooked, sold as fresh or 
pre- cooked, preparation unspecified 

15.6 2.4 42.8 146.8 

Other potato fried products 2.1 2.4 61.9 154.9 

Potato crisps and snacks 0.2 1.0 38.9 93.2 

Potato crisps made from fresh potatoes 0.1 3.0 39.2 94.9 

Potato crisps made from potato dough 0.5 3.0 33.8 75.0 

Potato crisps unspecified 7.9 3.0 56.0 146.5 

Potato snack other than potato crisp 4.3 3.0 28.3 28.3 

Soft bread 48.8 2.0 7.0 15.6 

Wheat soft bread 45.0 2.0 6.0 12.0 

Other soft bread 40.2 2.0 8.5 24.0 

Soft bread unspecified 64.2 2.0 8.7 14.1 

Breakfast cereals 14.0 0.7 18.3 55.2 

Maize, oat, spelt, barley and rice based products 24.8 0.7 12.8 40.3 

Wheat and rye based products 5.3 0.7 17.8 41.0 

Bran products and whole grains cereals 2.9 0.7 21.6 71.6 

Breakfast cereals, unspecified 27.8 0.7 15.1 36.7 

Biscuits, crackers, crisp bread and similar 18.0 3.0 31.8 104.8 

Crackers 12.3 3.0 26.1 59.0 

Crisp bread 20.8 3.0 21.0 48.6 

Biscuits and wafers 21.1 3.0 25.0 81.0 

Gingerbread 14.1 3.0 46.9 160.0 

Coffee (dry) 3.5 4.0 54.0 105.4 

Roasted coffee (dry) 6.9 4.0 26.6 54.3 

Instant coffee (dry) 1.2 4.0 71.0 112.2 

Coffee substitutes (dry) 6.8 8.0 149.9 450.0 

Substitute coffee (dry), based on cereals 5.0 8.0 53.6 53.6 

Substitute coffee (dry), based on chicory 0.0 8.0 294.2 294.2 

Substitute coffee (dry), unspecified 16.1 8.0 49.3 49.3 

Baby foods, other than cereal-based 66.8 1.0 5.1 7.2 

Baby foods, not containing prunes 67.8 1.0 4.0 4.8 

Infant formulae 97.0 1.0 10.0 10.0 

Fruit purée 62.5 1.0 4.0 4.0 

Juice 100.0 1.0 0.0 0.0 

Ready-to-eat meal and dessert 64.3 1.0 3.6 5.1 

Baby foods, containing prunes 0.0 1.0 10.1 10.1 
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Baby foods, unspecified regarding prunes content 78.3 1.0 11.5 11.5 

Processed cereal-based baby foods 28.0 2.0 9.7 17.5 

Biscuits and rusks_baby foods 28.1 2.0 14.7 28.7 

Other processed cereal-based foods_baby foods 55.2 2.0 18.8 6.0 

Cereals to be reconstituted_baby foods 54.7 2.0 26.3 8.6 

Ready-to-eat meal cereal-based_baby foods 56.2 1.0 1.8 3.0 

Unspecified processed cereal-based foods_baby foods 4.5 2.0 2.6 8.3 

Other products based on potatoes, cereals and cocoa 32.7 3.0 13.7 37.0 

Porridge 22.2 3.0 3.6 3.6 

Cake and pastry 30.8 3.0 8.8 21.9 

Savoury snacks other than potato-based (mostly maize-based) 13.3 3.0 19.4 69.0 

Other products based on cereals 53.1 3.0 13.0 29.3 

Grains for human consumption 56.2 3.0 8.9 15.2 

Grains milling products 35.3 3.0 17.3 17.3 

Pasta 88.9 3.0 0.0 0.0 

Beer 100.0 3.0 0.0 0.0 

Composite dishes containing cereals 32.0 3.0 17.9 17.9 

Fine bakery wares for diabetics 0.0 3.0 13.9 13.9 

Other 28.6 3.0 14.6 14.6 

Other (non-fried) products based on potatoes 60.0 3.0 26.0 26.0 

Potato bread 0.0 3.0 57.0 57.0 

Other 64.9 3.0 18.8 18.8 

Other products based on cocoa 11.4 3.0 11.6 11.6 

Cocoa powder 7.7 3.0 19.3 19.3 

Other products based on cocoa 12.9 3.0 8.3 8.3 

Other products 45.8 3.0 59.2 151.0 

Roasted nuts and seeds 55.0 3.0 18.2 18.2 

Black olives in brine 0.0 3.0 45.4 45.4 

Prunes and dates 27.8 3.0 12.0 12.0 

Vegetable crisps 9.1 3.0 202.8 202.8 

Paprika powder 56.7 3.0 84.3 84.3 

Other 55.6 3.0 13.3 13.3 

Abbreviations: LC – left-censored samples; P95 – 95th percentile; LOQ - limits of quantification 
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Table S2: Associations between food groups (g) and the usual daily exposure to 

acrylamide (µg/kg of body weight/day) among children and adolescents (n = 

1959), weighted for the complex survey design. Linear regression models fit, after 

log-transforming and standardisation, were used to obtain RD for the standard 

deviation of the food group consumption and the respective 95% CI. 

  Crude model Model 1 Model 2 

Food groups SD RD (95% CI) RD (95% CI) RD (95% CI) 

Fresh and processed vegetables 78.9 0.95 (0.90, 1.02) 0.97 (0.92, 1.03) 0.95 (0.90, 1.01) 

Nuts, oilseeds and processed products 6.18 1.03 (1.00, 1.07) 1.03 (0.99, 1.08) 1.04 (1.01, 1.07) 

Fresh fruit and fruit jars 103 0.98 (0.92, 1.05) 1.02 (0.98, 1.07) 1.00 (0.95, 1.04) 

Processed fruit 6.74 0.97 (0.94, 1.00) 0.98 (0.95, 1.00) 0.99 (0.96, 1.01) 

Legumes 17.6 0.95 (0.90, 1.00) 0.95 (0.90, 1.00) 0.95 (0.91, 0.99) 

Milk 234 1.08 (1.01, 1.15) 1.05 (0.99, 1.11) 1.00 (0.94, 1.05) 

Human milk 166 0.99 (0.94, 1.05) 0.99 (0.93, 1.05) 0.98 (0.93, 1.04) 

Infant formula 168 0.99 (0.94, 1.04) 0.99 (0.94, 1.04) 0.98 (0.93, 1.03) 

Milk cream 5.19 0.99 (0.95, 1.04) 0.96 (0.92, 1.00) 0.96 (0.92, 1.00) 

Yoghurt and other fermented milk 89.1 1.01 (0.95, 1.07) 1.01 (0.96, 1.07) 0.99 (0.95, 1.04) 

Cheese 22.8 1.01 (0.95, 1.07) 1.01 (0.96, 1.07) 0.99 (0.95, 1.04) 

Pasta 42.2 0.93 (0.87, 0.99) 0.92 (0.88, 0.96) 0.96 (0.91, 1.00) 

Rice and other grains 75.5 0.90 (0.85, 0.95) 0.90 (0.85, 0.94) 0.94 (0.90, 0.99) 

Potatoes and other starchy tubers 56.9 1.05 (1.00, 1.11) 1.00 (0.95, 1.06) 1.05 (1.00, 1.10) 

Bread and rusks 58.2 0.99 (0.93, 1.06) 1.03 (0.97, 1.10) 1.08 (1.02, 1.14) 

Flour, bread dough and pastry dough 15.3 1.01 (0.95, 1.09) 0.98 (0.93, 1.05) 1.03 (0.97, 1.08) 

Infant cereals 84.8 1.03 (0.98, 1.08) 1.04 (0.98, 1.09) 1.04 (0.99, 1.09) 

Breakfast cereals and cereal bars 22.6 1.08 (1.02, 1.15) 1.09 (1.04, 1.15) 1.15 (1.10, 1.20) 

Meat and processed meat 77.7 0.93 (0.87, 0.99) 0.94 (0.88, 1.00) 0.99 (0.94, 1.05) 

Fish, processed fish and seafood 35.1 0.99 (0.94, 1.05) 0.99 (0.94, 1.05) 0.99 (0.94, 1.04) 

Eggs 19.0 1.01 (0.96, 1.08) 0.98 (0.93, 1.02) 0.99 (0.95, 1.03) 

Vegetable oils 3.73 1.09 (1.01, 1.19) 1.10 (1.04, 1.17) 1.07 (1.01, 1.13) 

Olive oil 5.15 0.94 (0.89, 1.00) 0.98 (0.91, 1.04) 1.01 (0.95, 1.07) 

Butter 5.81 1.00 (0.96, 1.04) 1.00 (0.96, 1.05) 1.00 (0.96, 1.03) 

Margarines and minarines 4.20 0.97 (0.92, 1.03) 1.00 (0.96, 1.04) 1.01 (0.97, 1.05) 

Other fats 1.43 0.95 (0.90, 1.01) 0.97 (0.92, 1.03) 0.99 (0.94, 1.04) 

Sweets 38.0 1.08 (1.01, 1.15) 1.07 (1.01, 1.12) 1.04 (0.99, 1.09) 

Cakes 32.3 1.11 (1.07, 1.16) 1.11 (1.07, 1.15) 1.12 (1.09, 1.16) 

Cookies and biscuits 21.3 1.20 (1.13, 1.27) 1.22 (1.16, 1.28) 1.23 (1.18, 1.28) 

Water 445 0.88 (0.82, 0.93) 0.86 (0.81, 0.91) 0.92 (0.87, 0.97) 

Tea and infusions 41.3 0.92 (0.86, 0.98) 0.93 (0.90, 0.97) 0.95 (0.91, 0.99) 

Coffee 13.8 1.01 (0.96, 1.07) 1.00 (0.95, 1.06) 1.03 (0.98, 1.08) 
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Abbreviations: SD – standard deviation; RD - relative mean differences; CI – confidence interval. 

Crude model – without adjustment; Model 1 – adjusted for all food groups; Model 2 – adjusted for 

model 1 and for sex, age groups and parent’s educational level. 

Significant values are in bold. 

 

  

Natural and 100% fruit juices 50.8 0.97 (0.92, 1.02) 0.96 (0.92, 1.01) 0.97 (0.93, 1.02) 

Nectars 68.2 0.99 (0.91, 1.07) 0.97 (0.92, 1.03) 0.99 (0.95, 1.03) 

Soft drinks 178 0.99 (0.93, 1.04) 0.92 (0.87, 0.97) 0.98 (0.94, 1.03) 

Other non-alcoholic beverages 3.64 0.98 (0.94, 1.02) 0.96 (0.95, 0.98) 0.96 (0.95, 0.98) 

Wine 6.93 0.96 (0.90, 1.03) 0.98 (0.94, 1.02) 0.98 (0.95, 1.01) 

Liquors 3.22 0.97 (0.91, 1.03) 0.97 (0.91, 1.03) 0.98 (0.93, 1.03) 

Beer 9.16 1.00 (0.98, 1.03) 1.04 (1.00, 1.08) 1.02 (0.99, 1.05) 

Spirits 0.48 0.96 (0.92, 0.99) 0.96 (0.93, 0.99) 0.97 (0.94, 1.00) 

Other alcoholic beverages 1.71 0.96 (0.94, 0.97) 0.97 (0.95, 0.99) 0.98 (0.96, 0.99) 

Artificial sweeteners 0.08 0.94 (0.93, 0.96) 0.96 (0.94, 0.97) 0.96 (0.95, 0.98) 

Snacks and chips 11.0 1.13 (1.07, 1.20) 1.11 (1.05, 1.17) 1.08 (1.02, 1.15) 

Savoury pies and finger foods 21.7 1.08 (1.03, 1.13) 1.04 (1.00, 1.08) 1.06 (1.03, 1.09) 

Meat substitutes 5.16 0.97 (0.92, 1.01) 0.96 (0.93, 0.99) 0.97 (0.94, 1.00) 

Milk and milk products substitutes 35.3 1.01 (0.94, 1.08) 1.02 (0.97, 1.06) 0.99 (0.96, 1.03) 

Table salt 1.27 0.95 (0.90, 1.01) 1.00 (0.94, 1.07) 0.95 (0.89, 1.01) 

Yeasts and gelatines 0.58 1.08 (0.96, 1.21) 1.03 (0.98, 1.08) 1.03 (0.98, 1.09) 

Aromas 0.28 0.97 (0.91, 1.03) 0.97 (0.92, 1.02) 0.97 (0.93, 1.01) 

Herbs and spices 1.05 0.98 (0.91, 1.06) 1.00 (0.95, 1.06) 1.00 (0.95, 1.05) 

Condiments 1.78 0.93 (0.88, 0.99) 0.93 (0.87, 1.00) 0.95 (0.90, 1.00) 

Sauces and mayonnaise 3.70 1.04 (0.98, 1.09) 1.01 (0.97, 1.06) 1.01 (0.96, 1.05) 

Soups and powdered soups 2.40 0.98 (0.92, 1.03) 0.97 (0.93, 1.01) 0.98 (0.94, 1.02) 
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Table S3: Associations between food groups (g) and the usual daily exposure to 

acrylamide (µg/kg of body weight/day) among adults (n = 3852), weighted for the 

complex survey design. Linear regression models fit, after log-transforming and 

standardisation, were used to obtain RD for the standard deviation of the food 

group consumption and the respective 95% CI. 

  Crude model Model 1 Model 2 

Food groups SD RD (95% CI) RD (95% CI) RD (95% CI) 

Fresh and processed vegetables 103 0.98 (0.94, 1.01) 0.97 (0.93, 1.01) 0.97 (0.93, 1.00) 

Nuts, oilseeds and processed products 12.1 1.13 (1.10, 1.16) 1.09 (1.06, 1.11) 1.07 (1.05, 1.09) 

Fresh fruit and fruit jars 157 0.97 (0.93, 1.00) 0.97 (0.95, 1.00) 0.97 (0.95, 1.00) 

Processed fruit 6.08 1.01 (0.98, 1.04) 1.01 (0.98, 1.03) 1.01 (0.98, 1.03) 

Legumes 37.5 1.00 (0.97, 1.04) 0.97 (0.95, 1.00) 0.98 (0.96, 1.01) 

Milk 172 1.06 (1.03, 1.10) 1.04 (1.01, 1.08) 1.04 (1.01, 1.08) 

Milk cream 6.27 1.08 (1.05, 1.11) 1.01 (0.98, 1.04) 1.00 (0.98, 1.03) 

Yoghurt and other fermented milk 89.8 1.02 (0.98, 1.06) 1.03 (1.01, 1.05) 1.01 (0.98, 1.03) 

Cheese 27.1 1.10 (1.06, 1.13) 1.02 (0.99, 1.04) 1.01 (0.99, 1.04) 

Pasta 45.6 1.04 (1.01, 1.07) 1.01 (0.98, 1.03) 1.01 (0.99, 1.04) 

Rice and other grains 82.1 1.00 (0.97, 1.04) 0.97 (0.94, 1.00) 0.98 (0.95, 1.01) 

Potatoes and other starchy tubers 85.6 1.11 (1.07, 1.15) 1.09 (1.05, 1.13) 1.11 (1.07, 1.15) 

Bread and rusks 84.0 1.20 (1.16, 1.24) 1.16 (1.12, 1.19) 1.17 (1.14, 1.21) 

Flour, bread dough and pastry dough 18.6 1.13 (1.09, 1.17) 1.05 (1.02, 1.08) 1.05 (1.02, 1.08) 

Infant cereals 14.9 1.03 (1.00, 1.05) 1.01 (0.99, 1.03) 1.01 (0.99, 1.02) 

Breakfast cereals and cereal bars 18.9 1.14 (1.11, 1.17) 1.13 (1.10, 1.16) 1.12 (1.09, 1.15) 

Meat and processed meat 102 1.17 (1.13, 1.20) 1.05 (1.01, 1.08) 1.04 (1.01, 1.08) 

Fish, processed fish and seafood 62.7 0.99 (0.96, 1.03) 0.98 (0.95, 1.01) 0.98 (0.95, 1.01) 

Eggs 27.5 1.06 (1.02, 1.10) 1.03 (1.00, 1.06) 1.02 (0.99, 1.06) 

Vegetable oils 4.49 1.15 (1.07, 1.22) 1.08 (1.04, 1.12) 1.08 (1.04, 1.12) 

Olive oil 8.24 1.05 (1.02, 1.09) 1.02 (0.98, 1.07) 1.03 (0.99, 1.07) 

Butter 7.68 1.13 (1.08, 1.18) 1.02 (0.99, 1.06) 1.01 (0.98, 1.05) 

Margarines and minarines 5.45 1.05 (1.01, 1.08) 1.00 (0.97, 1.03) 1.00 (0.97, 1.03) 

Other fats 2.72 1.07 (1.03, 1.11) 1.01 (0.99, 1.04) 1.01 (0.98, 1.03) 

Sweets 43.6 1.13 (1.09, 1.16) 1.04 (1.01, 1.07) 1.03 (1.00, 1.05) 

Cakes 33.0 1.20 (1.16, 1.23) 1.13 (1.11, 1.15) 1.13 (1.11, 1.15) 

Cookies and biscuits 19.6 1.21 (1.17, 1.24) 1.20 (1.17, 1.23) 1.19 (1.17, 1.23) 

Water 632 1.02 (0.98, 1.05) 0.99 (0.97, 1.02) 0.99 (0.97, 1.01) 

Tea and infusions 204 0.97 (0.94, 1.01) 0.99 (0.96, 1.02) 0.98 (0.95, 1.02) 

Coffee 85.4 1.14 (1.08, 1.20) 1.15 (1.10, 1.20) 1.15 (1.10, 1.20) 

Natural and 100% fruit juices 59.1 1.03 (0.97, 1.09) 1.00 (0.97, 1.04) 1.00 (0.97, 1.03) 

Nectars 65.3 1.07 (1.03, 1.10) 1.03 (1.00, 1.05) 1.02 (0.99, 1.05) 
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Abbreviations: SD – standard deviation; RD - relative mean differences; CI – confidence interval. 

Crude model – without adjustment; Model 1 – adjusted for all food groups; Model 2 – adjusted for 

model 1 and for sex, age groups and educational level. 

Significant values are in bold. 

 

 

  

Soft drinks 175 1.11 (1.07, 1.15) 1.01 (0.98, 1.04) 1.01 (0.98, 1.04) 

Other non-alcoholic beverages 26.3 1.05 (1.03, 1.07) 1.03 (1.01, 1.06) 1.04 (1.02, 1.07) 

Wine 169 1.02 (0.99, 1.05) 1.00 (0.97, 1.03) 1.04 (1.01, 1.07) 

Liquors 10.6 1.06 (1.02, 1.11) 0.98 (0.94, 1.02) 0.99 (0.95, 1.02) 

Beer 195 1.23 (1.20, 1.27) 1.17 (1.14, 1.21) 1.18 (1.15, 1.21) 

Spirits 9.85 1.05 (1.03, 1.08) 1.00 (0.98, 1.03) 1.00 (0.98, 1.03) 

Other alcoholic beverages 44.4 1.04 (1.01, 1.07) 1.02 (1.00, 1.04) 1.02 (1.00, 1.03) 

Artificial sweeteners 0.24 1.00 (0.97, 1.03) 1.00 (0.98, 1.03) 1.00 (0.98, 1.03) 

Snacks and chips 9.84 1.14 (1.10, 1.18) 1.08 (1.06, 1.11) 1.07 (1.05, 1.10) 

Savoury pies and finger foods 26.5 1.15 (1.12, 1.18) 1.12 (1.09, 1.15) 1.12 (1.09, 1.14) 

Meat substitutes 7.39 1.04 (0.99, 1.08) 1.02 (1.00, 1.04) 1.01 (0.99, 1.04) 

Milk and milk products substitutes 53.8 1.03 (1.00, 1.06) 1.03 (1.00, 1.06) 1.03 (1.00, 1.05) 

Table salt 1.78 1.09 (1.06, 1.12) 0.98 (0.94, 1.01) 0.98 (0.94, 1.01) 

Yeasts and gelatines 0.33 1.08 (1.05, 1.11) 1.01 (0.98, 1.04) 1.01 (0.98, 1.04) 

Aromas 1.19 1.02 (1.01, 1.04) 1.00 (0.98, 1.01) 0.99 (0.98, 1.01) 

Herbs and spices 1.80 1.07 (1.03, 1.11) 1.01 (0.98, 1.05) 1.00 (0.97, 1.04) 

Condiments 4.12 1.02 (0.99, 1.05) 1.00 (0.98, 1.03) 1.00 (0.98, 1.03) 

Sauces and mayonnaise 5.20 1.09 (1.05, 1.13) 1.00 (0.98, 1.03) 1.00 (0.97, 1.02) 

Soups and powdered soups 4.56 1.01 (0.99, 1.04) 1.00 (0.98, 1.02) 1.00 (0.98, 1.02) 
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Abstract 

Acrylamide is a food contaminant formed during the Maillard reaction that may 

act as an endocrine disruptor. The present study aims to assess acrylamide 

dietary exposure and test longitudinal associations with cardiometabolic 

outcomes from childhood to adolescence. 

From G21-birth-cohort, 3138 participants with at least 2 consecutive follow-ups 

from 4 to 13 years of age were included. Acrylamide dietary exposure was 

estimated using 3-day food diaries and occurrence data of acrylamide in food. 

Children presented a higher dietary acrylamide exposure than adolescents. The 

median exposure was, respectively, 0.79 µg/kg/d at 4 years and 0.44 at 13 years. 

Both children (MOE=215) and adolescents (MOE=386) exposure levels 

presented health concerns regarding neoplastic effects. 

Cross-sectional and longitudinally, acrylamide dietary exposure was positively 

associated with blood glucose, waist circumference, and fat mass percentage. A 

negative association was found between dietary acrylamide exposure and z-BMI 

and cholesterol. This variability suggests that the effects of dietary acrylamide 

exposure on cardiometabolic health are complex and multifactorial. It was not 

possible to conclude, without uncertainty, that dietary acrylamide exposure is 

responsible for abnormalities in cardiometabolic outcomes from childhood to 

adolescence. 

 

Keywords: cohort, food contaminants, risk assessment, children, adolescents, 

health 
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Introduction 

The current management of non-communicable diseases presents a large public 

health challenge since their incidence, prevalence, and burden continue to 

increase in all countries (1). Cardiovascular diseases, cancer, diabetes and 

chronic respiratory diseases, as examples of non-communicable diseases, were 

responsible for three out of four deaths worldwide (2). In Portugal, despite the 

actions and interventions already implemented to reduce the progress, 87% of 

the deaths were attributed to non-communicable diseases, with an 11% 

probability of premature mortality because of these health conditions (2). 

Cardiovascular diseases are associated with impaired blood pressure, blood 

glucose, insulin and lipids levels, and adiposity distribution in adults and children 

(3–5). These, along with other unhealthy lifestyle behaviours, such as unhealthy 

eating habits and physical inactivity, are key risk factors in the development of 

cardiometabolic disorders (6–10). 

Usually, chronic diseases have a very low incidence in children and adolescents 

(11). Still, it is possible to identify abnormalities in the cardiometabolic profile in 

youth, which may negatively impact future health, decreasing the quality of life in 

adulthood (3,11,12). 

Cooking and thermal processing foods are essential to ensure foodstuffs' safety, 

nutritional proprieties and desirable sensory characteristics, such as flavours, 

aromas, colours and texture (13,14). However, some non-intentional heat-

induced hazardous substances are formed through the chemical reactions when 

the food is heated (14,15). Acrylamide is one of these hazardous compounds, 

identified in food products for the first time in 2002 by the Swedish Authorities, 

apart from their previous use/ occurrence in other non-food related applications 

(16). It is formed during the extension of the Maillard reaction at higher 

temperatures in low moisture conditions, through the reaction between 

asparagine amino acid and reducing sugars (17–19). Cereal products, potatoes, 

coffee and coffee substitutes are the main contributors to acrylamide exposure 

because of their higher concentration of carbohydrates and the associated 

industrial or home-cooking thermal methods, such as frying, baking, roasting and 

toasting (17,20,21). The diet culture of different geographical regions associated 

with varying patterns of eating and cooking habits, influence exposure to 

acrylamide (22–24). For the general non-smoker population, children and 
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adolescents, diet is the primary source of acrylamide. Still, other important routes 

of exposure could not be disclosed, namely dermal absorption or inhalation 

related to occupational settings and tobacco smoke (20,25). 

After exposure and absorption, acrylamide is conjugated with glutathione or 

metabolised in glycidamide by cytochrome P450 enzyme complex, followed by 

its wide distribution into tissues (26,27). Acrylamide and glycidamide can form 

adducts by reacting with macromolecules, such as haemoglobin, DNA, serum 

albumin and enzymes, causing different toxicological effects: genotoxicity, 

carcinogenicity, neurotoxicity, hepatoxicity, cardiovascular toxicity and 

reproductive toxicity (20,28–30). In the last few years, some studies have shown 

that acrylamide may induce stress on the endocrine function, and it has been 

classified as a potential endocrine disruptor (31,32). Moreover, acrylamide plays 

an important role in oxidative stress, lipid peroxidation and adipogenesis, leading 

to abnormalities in serum lipid and glucose profiles (23,33,34). However, the 

mechanism through which acrylamide may cause cardiometabolic disturbances 

is not entirely understood or described. In fact, the evidence that clearly describes 

the association between this food contaminant and cardiometabolic outcomes is 

very limited, especially in children and adolescents. Most studies were performed 

in animal models or adults and focused on obesity and biochemical parameters 

of obesity-related comorbidities, showing controversial results (35–38). 

Additionally, most of these have cross-sectional designs, which does not allow 

the establishment of a causal association. 

Despite the multifactorial causes related to the development of cardiometabolic 

disorders, exposure to food and environmental contaminants, such as 

acrylamide, in the early stages of life represents a risk factor for this health 

condition. Different authors concluded that there is a need for more 

epidemiological studies to fill the gap regarding the effect of acrylamide on human 

health, especially in children and adolescents (20,23,39). 

Thus, the present study aims to perform exposure assessment and risk 

characterisation of dietary acrylamide and to longitudinally evaluate the 

association between this food contaminant exposure and cardiometabolic 

outcomes from childhood to adolescence. 
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Methods 

Study design and participants 

This project included data from Generation XXI (GXXI), an ongoing prospective 

population-based birth cohort assembled between April 2005 and August 2006 

at the five public units providing obstetrical and neonatal care in the metropolitan 

area of Porto, Portugal, as previously described (40). Recruitment was conducted 

according to the following eligibility criteria: mothers living in one of the six 

municipalities of the metropolitan area of Porto; delivering at the public hospitals 

covering those municipalities; and giving birth, delivering at the public hospitals 

covering those municipalities, and giving birth to live babies with a gestational 

age of to live babies with gestational age 24 weeks. In the 24 to 72 hours after 

delivery, mothers were invited to participate in the cohort GXXI and 91% accepted 

to enrol, resulting in 8,495 mothers and 8,647 children. Subsequently, all 

participants were invited to participate in the 4-, 7-, 10- and 13-year follow-ups. 

The participation rates of each wave were 86%, 80%, 76% and 54%, respectively. 

The lower participation rate observed in the 13-year follow-up evaluation was 

related to the COVID-19 pandemic, which was prematurely interrupted in March 

2020. 

This study used data from all follow-up evaluations to perform a longitudinal 

approach. Eligible criteria were 1) providing a complete food diary (with at least 

two reported days) and 2) having at least two consecutive follow-ups with 

measured outcome variables. The flowchart of the included participants with the 

selection criteria information is described in Figure 1. From the baseline sample, 

3368 were excluded due to the missing data on dietary intake in all follow-up 

evaluations. 7 participants presented an incomplete food diary, i.e., a food diary 

with less than two reported days. Finally, 2134 individuals were excluded, 

considering that they missed the criteria of being present in 2 consecutive follow-

up evaluations, being 3138 the final sample of this study (Figure 1). 

 

Sociodemographic characteristics, lifestyle factors and dietary intake 

Sociodemographic characteristics were collected from the participants and 

mothers using standardised questionaries. Child sex, maternal age at baseline 

and maternal educational level (defined as the number of completed schooling 

years) were the variables considered, collected at baseline. 
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Maternal smoking habits and participants’ physical activity were considered as 

lifestyle factors. At 4-years follow-up, mothers were asked about their smoking 

habits: current smokers, former smokers or never smoked. For this study, data 

from maternal smoking habits at 4-year follow-up were analysed as a potential 

confounder to acrylamide exposure. Physical activity was measured through the 

practice (yes/no) of some scheduled and regular sports activity outside the school 

setting at 4-, 7-, 10-, and 13-year follow-ups, asked the parents (or the primary 

caregiver) in the first three waves and to the adolescents at 13-years old. 

Before the face-to-face interview, after receiving a set of oral and written 

instructions from the research team, parents (or the main caregiver) at 4-, 7- and 

10-year follow-ups and adolescents at 13-year follow-up were invited to complete 

a 3-day food diary (two weekdays and one weekend day). For each food and 

beverage consumed, a substantial amount of detailed information was gathered, 

including consumption place and time, brand, food preparation method, cooking 

process and quantity consumed. During the face-to-face interview, the food 

diaries were reviewed by trained researchers, being codified into Food Processor 

SQL software (41), at 4-, 7- and 10-year follow-ups, and into “eAT24” software, 

at 13-year follow-up, by trained nutritionists. Dietary information from 4- to 10-

years was harmonised in the “eAT24” software. Integrating the Portuguese Food 

Composition Table and adopting the FoodEx2 classification system, the “eAT24” 

software was developed for the National Food, Nutrition and Physical Activity 

Survey 2015-2016, as described previously (42,43). To be eligible in the present 

study, participants had to report at least two completed days in the food diary. 

 

Anthropometrics measurements, blood pressure and cardiometabolic biomarkers 

Height and weight were objectively measured during the face-to-face interviews, 

under standard procedures after 12 hours of fasting, with subjects in light clothing 

and barefoot (44). A wall stadiometer (SECA, Hamburg, Germany) was used to 

measure height to the nearest centimetre, and a digital scale (SECA, Columbia, 

USA) measured body weight to the nearest tenth of a kilogram. The body mass 

index (BMI) was computed through weight over the squared height, with the 

participants being classified according to age and sex-specific BMI z-scores (z-

BMI) published by the World Health Organization (45). 
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With the participant in a standing position, relaxed abdomen, arms at the sides 

and feet together, waist circumference (WC) was measured at the umbilicus level 

to the nearest 0.1 centimetres (46,47). 

According to standard procedures (48), a tetrapolar bioelectric impedance 

analysis was performed using BIA 101 Anniversary® (Akern, Florence, Italy), and 

the percentage of fat mass (%FM) was computed for all follow-up evaluations, 

applying the Schaefer et al. equation (49). 

After a 10-minute rest, with an interval of at least 5 minutes, using an automatic 

upper arm blood pressure monitor (Omron®) placed over the brachial artery 

pulse, two measurements of systolic (SBP) and diastolic (DBP) blood pressure 

were taken, and their mean value calculated, at 4- and 7-year follow-ups. A third 

measurement was taken when the difference between the SBP and DBP was 

higher than 5 mmHg, considering the mean of the two closest values. At 10- and 

13-year follow-ups, three measurements of SBP and DBP were taken, and the 

mean of the two closest values was calculated. Age-, sex- and height-specific z-

scores for SBP and DBP (z-SBP and z-DBP) were calculated, following the 

American Academy of Pediatrics criteria (50). 

For all participants who had consented, a blood sample was collected on the 

morning of the follow-up evaluation after a 12-hour overnight fast. Laboratory 

analyses were performed at the Clinical Pathology Department of the Hospital of 

São João, Porto, Portugal, for blood cardiometabolic biomarkers considered in 

this study. Glucose was measured using a UV enzymatic assay (hexokinase 

method), and insulin using an electrochemiluminescence immunoassay. Insulin 

resistance was computed according to the Homeostatic Model Assessment for 

Insulin Resistance (HOMA-IR) (51). Enzymatic colourimetric assays were used 

to measure triglycerides (TG), total cholesterol and high-density lipoprotein-

cholesterol (HDL cholesterol). Finally, Friedewald et al. equation (52) was used 

to calculate low-density lipoprotein-cholesterol (LDL cholesterol). 

 

Risk assessment of acrylamide exposure 

A risk assessment was performed to evaluate the risk associated with acrylamide 

daily dietary exposure. After the identification and hazard characterisation of 

acrylamide, we assessed the exposure and characterised the risk in the present 

work. 
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For the exposure assessment, data on the occurrence of acrylamide in food 

groups were extracted from the EFSA Scientific Opinion on Acrylamide in Food, 

published in 2015 (20), and the daily dietary exposure to acrylamide (µg/kg of 

body weight/day) was calculated as previously described (21). For each food item 

reported, a value from the acrylamide distribution from the corresponding food 

group, published by EFSA, was randomly attributed: in 5% of the reports, the 95th 

percentile level was attributed; LOQ values were attributed to a fraction of the 

reports corresponding to the LC reported (upper-bound scenario); for the other 

reports, the calculated true mean of the remaining values of acrylamide 

concentration was attributed. Ten cycles of random attributions were performed, 

resulting in ten different estimated acrylamide values for each consumption 

occasion. 

For risk characterisation, the lower confidence limits of the benchmark doses for 

a 10% extra risk (BMDL10) for peripheral neuropathy (430 µg/kg of body 

weight/day) and neoplastic effects (170 µg/kg of body weight/day) were used to 

calculate the margins of exposure (MOE). MOEs lower than 125 and 10,000 

indicate a health concern regarding non-genotoxic and genotoxic/ carcinogenic 

effects, respectively (20). 

 

Ethics approval and consent to participate 

All phases of the study complied with the Ethical Principles for Medical Research 

Involving Human Subjects expressed in the Declaration of Helsinki (53). The 

baseline and follow-up evaluations were approved by the University of Porto 

Medical School/ S. João Hospital Centre Ethics Committee, except the 13-year 

follow-up that was approved by the ISPUP Ethics Committee. At baseline and 

follow-up evaluations, all procedures were explained to participants, and an 

informed consent was signed by one of the parents or legal guardians (at 13 

years, it was also signed by the participants). The baseline evaluation was 

additionally approved by the Data Protection National Commission and the study 

follows the present EU General Data Protection Regulation under close 

supervision of the Data Protection Office of ISPUP. 
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Statistical analysis 

A generalised least squares model was used to test the associations between 

acrylamide daily dietary exposure (µg/day) and cardiometabolic outcomes 

(Figure 2), presented by standardised linear regression coefficient (std β) and 

95% confidence interval (95% CI). Total cholesterol, LDL cholesterol, HDL 

cholesterol, TG, glucose, insulin, HOMA-IR, z-SBP, z-DBP, z-BMI, %FM and WC 

were considered as cardiometabolic outcomes. Three regression models are 

presented in this paper: model 1 adjusted for cross-sectional and longitudinal 

acrylamide daily dietary exposure; model 2 adjusted for model 1 plus participants’ 

sex, maternal age, maternal education, maternal smoking habits, practice of 

regular physical activity (cross-sectional and longitudinal); model 3 adjusted for 

model 2 plus total energy intake (kcal) (cross-sectional and longitudinal). Two 

additional models were conducted: model 4 adjusted for model 2 plus 

participants’ height (m) (cross-sectional and longitudinal); model 5 adjusted for 

model 2 plus participants’ weight (kg) (cross-sectional and longitudinal) (in 

appendices). 

To assess the impact of including or excluding participants diagnosed with 

diabetes, cardiovascular disease, and renal disease on the associations, 

sensitivity analyses were performed. 

Missing data on cardiometabolic biomarkers were treated at random. The R 

software version 4.2.1 for Windows was used, with a significance level of 5%. 

 

Results 

The comparison of sociodemographic characteristics between eligible 

participants and the remaining cohort at the baseline is presented in Table 1. 

Significant differences were found in all tested sociodemographic variables, 

where 52% of the individuals were males, born from mothers slightly older 

(30.8±4.9 vs 28.8±5.8, p<0.001) and more educated (11.6±4.3 vs 9.8±4.1, 

p<0.001). 

The practice of leisure physical activity, cardiometabolic biomarkers and energy 

intake of eligible and non-eligible participants from 4- to 13 years are described 

in Table 2. No significant differences were found between eligible and non-eligible 

participants for most tested variables. A higher number of significant differences 

was found at 10-year follow-up (8 of 14 indicators) and a lower number at 13-year 
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follow-up (5 of 14). The effect size ranged between -0.15 and 0.14 (data not 

shown). 

The exposure assessment and risk characterisation of acrylamide in eligible 

participants are described in Table 3. The daily median dietary exposure ranged 

from 0.44 to 0.79 µg/kg of body weight, and the 95th percentile from 1.04 to 1.92 

at 13-years and 4-years follow-ups, respectively. The 4-years wave was the 

evaluation with the higher values of acrylamide exposure and, consequently, with 

the lower values of MOE across the entire distribution. The MOE of peripheral 

neuropathy calculated for the median point ranged between 544 (4-years) and 

977 (13-years), whereas for the 95th percentile of acrylamide exposure ranged 

from 478 (4-years) to 878 (13-years). According to the current acrylamide daily 

dietary exposure, the MOE values for peripheral neuropathy were clearly above 

125, which indicates no public health concern regarding non-genotoxic effects. 

The neoplastic effects MOE for median exposure was 215 at 4-years and 386 at 

13-years, while for the 95th percentile of acrylamide exposure was 89 and 163, 

respectively. Even at the lower percentile of exposure (5th percentile), this MOE 

ranged between 708 (4-years) and 1214 (13-years). Thus, all estimated MOE for 

the neoplastic outcome were several times lower than 10,000, indicating a public 

health concern regarding genotoxic/ carcinogenic effects for the eligible 

participants of GXXI. 

Table 4 presents the cross-sectional and longitudinal associations of acrylamide 

daily dietary exposure and cardiometabolic outcomes. 

In the three models, after adjusting to all potential confounders, a cross-sectional 

and longitudinal negative significant association of acrylamide daily dietary 

exposure with z-BMI was found (model 3). According to the longitudinal exposure, 

each increased standard deviation of previous acrylamide exposure was 

statistically associated with a decrease of -0.07 (95% CI: -0.09, -0.04) in z-BMI 

(model 3). 

In the three models, after adjusting to all potential confounders, a cross-sectional 

and longitudinal positive significant association of acrylamide daily dietary 

exposure with WC and blood glucose was found (model 3). According to the 

longitudinal exposure, each increased standard deviation of previous acrylamide 

exposure was statistically associated with an increase of 0.06 cm (95% CI: 0.03, 

0.08) in WC and 0.03 mg/dL (95% CI: 0.00, 0.07) in blood glucose (model 3). 
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The percentage of fat mass was positively associated with both cross-sectional 

and longitudinal exposure to acrylamide, with statistical significance after the 

adjustment for sociodemographic characteristics, lifestyle variables, and energy 

intake. Longitudinally, for each standard deviation increase of previous 

acrylamide exposure, there is an increase of 0.04 mg/dL (95% CI: 0.01, 0.06) in 

the %FM (model 3). 

A cross-sectional and longitudinal significant negative association between 

acrylamide daily dietary exposure and total cholesterol, LDL cholesterol, and HDL 

cholesterol was found in the three models. Longitudinally, for each standard 

deviation increase of previous acrylamide exposure, there is a decrease of -0.07 

mg/dL (95% CI: -0.11, -0.04) on total cholesterol, -0.08 mg/dL (95% CI: -0.11, -

0.04) on LDL cholesterol and -0.06 mg/dL (95% CI: -0.09, -0.02) on HDL 

cholesterol, in the subsequent follow-up (model 3). No significant associations 

were found for triglyceride serum levels in any model. 

Blood insulin and HOMA-IR were statistically positively associated with cross-

sectional and longitudinal exposure to acrylamide in models 1 and 2. However, 

after adjusting for total energy intake, the longitudinal exposure lost significance 

(model 3). Cross-sectionally, for each increase in the standard deviation of 

acrylamide exposure, there is an increase of 0.08 (95% CI: 0.05, 0.12) in blood 

insulin and HOMA-IR (model 3). 

After adjusting for all confounders, a negative statistically significant longitudinal 

association was found between acrylamide dietary daily exposure and z-SBP. 

For z-DBP, a significant negative association was found for both cross-sectional 

and longitudinal exposure after adjustment for all confounding variables. 

An additional analysis was performed to test the association of acrylamide daily 

dietary exposure on cardiometabolic outcomes, including two models adjusted 

for participants’ weight and height (appendices, Table S1, models 4 and 5). We 

found significant associations for most of the health outcomes that also showed 

significant associations in model 3; however, these associations were in the 

opposite direction. 

A significant positive association was found between cross-sectional and 

longitudinal acrylamide dietary exposure and total cholesterol, LDL cholesterol 

and HDL cholesterol after the adjustment for sociodemographic characteristics, 

lifestyle variables, and participants’ weight (Table S1, model 4). However, these 
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significances were lost after adjusting for sociodemographic characteristics, 

lifestyle variables, and participants’ height, except for the association between 

cross-sectional acrylamide exposure and HDL cholesterol (Table S1, model 5). 

A significant negative association was found between acrylamide exposure and 

WC, %FM, blood insulin, and HOMA-IR, for both cross-sectional and longitudinal 

exposure, after adjusting for participants’ weight and participants’ height (Table 

S1, models 4 and 5). 

Blood glucose showed a significant negative cross-sectional and longitudinal 

association with acrylamide dietary exposure after adjusting for participants’ 

weight (Table S1, model 4) and a significant positive cross-sectional association 

after adjusting for participants’ height (Table S1, model 5). 

According to the r-squared (Table 4 and Table S1), the proportion of variance 

explained by acrylamide daily dietary exposure was low. Finally, excluding 

participants diagnosed with diabetes, cardiovascular disease, and renal disease 

did not substantially change our findings (data not shown). 

 

Discussion 

To our knowledge, this is the first prospective study assessing the effects of 

acrylamide daily dietary exposure on cardiometabolic outcomes from childhood 

to adolescence. 

Acrylamide dietary exposure was associated with several adverse health 

outcomes, namely cholesterol, blood glucose, insulin resistance, anthropometric 

measures, and blood pressure, impairing future stages of life from childhood to 

adolescence. However, the interpretation of the results should be made carefully, 

and the choice of the final model depends on the specific question we aim to 

address. Considering the conceptual framework of the present study and the 

possible effect of acrylamide as an endocrine disruptor, our final model included 

the adjustment for sociodemographic characteristics, lifestyle variables, and total 

energy intake. On the one hand, according to our hypothesis, participants’ body 

weight may mediate the effect of the association. Because of that, the correct 

model should not be adjusted for this variable. This perspective was corroborated 

by the results found since the magnitude of the effect was attenuated, or some 

coefficients were reverted when considering the estimation of acrylamide 

adjusted for body weight. On the other hand, in our study, higher height was 
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correlated with higher energy consumption, so participants’ height may be a proxy 

of total energy intake. Considering that, the plausibility of the effect of total energy 

intake on acrylamide exposure is higher than that of participants’ height, the 

model adjusted for energy appeared to be the most appropriate to answer our 

objective. 

Even so, within our final model, the results may seem slightly contradictory across 

the different cardiometabolic outcomes. We found a positive association between 

acrylamide exposure and waist circumference, fat mass percentage, higher blood 

glucose levels, blood insulin, and insulin resistance. In the opposite direction, a 

negative association was found for body mass index z-score, cholesterol, and 

blood pressure. 

These variability in the results were aligned with previous studies, regardless of 

the difficulty of comparison according to the different study designs, sample sizes 

and methodologies. Across the available publications, the association with health 

outcomes was tested with the total exposure to acrylamide measured through 

blood biomarkers, such as haemoglobin adduct of acrylamide or haemoglobin 

adduct of glycidamide. Moreover, most of the studies were performed only on 

adults from the general population, which includes smokers and non-smokers. In 

this discussion, we will compare the results related to the non-smoker group or 

the model considering the smoking habit as a potential confounder. 

In data from different cross-sectional evaluations of the NHANES study, 

considering only adults, an association between acrylamide exposure biomarker 

and body composition outcomes was found. However, looking deeply into the 

results, the same study found positive and negative associations or no significant 

effect, depending on the biomarker (54–56). In a cross-sectional study performed 

on 510 adults of an EPIC cohort, the authors found a positive association 

between acrylamide exposure and BMI in the non-smoker group, using 

glycidamide adduct and glycidamide-to-acrylamide adduct ratio but failed to find 

an association with acrylamide adducts (38). Contradictory results were also 

found for abdominal adiposity within and between studies (36,54). Two studies 

presented consistent results, showing no effect of acrylamide exposure on 

abdominal adiposity (37,57). 

Regarding lipid profile, data from NHANES 2003-2004 showed no association 

between acrylamide exposure and total cholesterol, HDL cholesterol and 
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triglycerides in adults (57). In 2021, another study of NHANES considering cross-

sectional moments from 2013 to 2016 concluded that there was a positive 

association with total cholesterol, LDL cholesterol and triglycerides, and a 

negative association with HDL cholesterol, despite the absence of significant 

effects for some outcomes according to the exposure biomarker (58). The same 

conclusions regarding HDL-cholesterol and triglycerides were obtained in a 

different study of adults, considering NHANES 2003-2006 and 2013-2016 

information (36). On the contrary, another research group found an inverse 

association of acrylamide-haemoglobin adducts with higher triglycerides and low 

HDL cholesterol levels but failed to find an association with glycidamide- 

haemoglobin adducts (37). 

For glucose homeostasis, according to our results, a cross-sectional study 

showed a clear positive correlation between acrylamide exposure and higher 

fasting plasma glucose levels in 3270 adults from a Chinese community-based 

cohort (35). Nevertheless, inconsistent results were found in two different studies, 

according to the biomarkers used to estimate acrylamide exposure (36,37). One 

cross-sectional study found an inverse association between acrylamide 

biomarkers and blood insulin or insulin resistance. Still, it failed to show an 

association with blood glucose and the remaining outcomes considering 

glycidamide biomarkers as exposure (57). Finally, data from NHANES 2003-2006 

and 2013-2016 found inconsistent results for type 2 diabetes and hypertension 

according to the exposure biomarker (56). 

It is important to highlight that chronic diseases, such as obesity, metabolic 

syndrome or abnormalities in cardiometabolic health, have multifactorial causes 

comprising energy imbalance and exposure to environmental and food 

contaminants (23,37). Moreover, these chemicals, namely endocrine disruptors, 

may present a U-shaped dose-response curve for some cardiometabolic 

outcomes (56,59), which may explain the controversial results found within and 

between studies. From another perspective, the synergic or protective effect from 

other diet components and other food contaminants cannot be disclosed (37,60), 

which increases the uncertainty of the results observed across previous 

publications and enforces the complexity of human health and diet. 

The effect of acrylamide on genotoxicity and carcinogenicity has been amply 

demonstrated (20), being the most concerning health effect associated with 
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acrylamide exposure. In the last years, it has been suggested that modifications 

in cardiometabolic profiles may be caused by oxidative stress resulting from 

exposure to acrylamide (35,61). However, the results of this study do not allow 

us to conclude without uncertainty that acrylamide exposure, by itself, is 

responsible for coherent abnormalities in cardiometabolic outcomes from 

childhood to adolescence. 

The estimated daily dietary exposure to acrylamide was in line with the results 

previously found for children and adolescents in the Portuguese population (21). 

Data from the National Food, Nutrition and Physical Activity Survey 2015-2016 

showed that children and adolescents were the groups with higher acrylamide 

exposure and higher health concerns regarding neoplastic effects, with a median 

(P95) of exposure of 0.69 (1.32) and 0.54 (1.07) µg/kg/day in the age groups 3-9 

years and 10-17 years, respectively. Moreover, despite common methodological 

differences, the results observed in the presented study were in accordance with 

other worldwide studies (20,60,62,63). 

Even so, the exposure to acrylamide increased until 2017 as a reflection of 

changes in the population's dietary patterns (24), where the consumption of 

coffee, fried potatoes, and cereal-based products (bread, breakfast cereals, and 

cookies) is believed to have been intensified. Different authorities and research 

groups already published mitigation measures and benchmark levels to reduce 

the presence of acrylamide in food (28,30,64). Thus, from the public health 

perspective and following the precaution principle, combined efforts to decrease 

acrylamide exposure should be taken, especially at younger ages. Likewise, 

more studies are needed to investigate the association of acrylamide exposure 

with carcinogenic and non-carcinogenic health outcomes from childhood to 

adulthood, as well as the impact of mitigation strategies on the burden of 

diseases. 

 

Limitations and strengths 

Some limitations must be considered. First, the healthier characteristics of the 

eligible participants suggest a possible participation bias. However, considering 

the sample size and the effect size, the clinical relevance of these differences 

may be arguable. Second, using the upper-bound value for left-censored data 

may overestimate the acrylamide exposure assessment. Nevertheless, our 
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research group followed a more conservative approach, assessing the worst-

case scenario. Third, differences in acrylamide occurrence, as a consequence of 

ingredients composition, cooking methods and cooking extension, either in 

industry or at home, were not considered. Fourth, the effect of acrylamide, by 

itself, on multifactorial cardiometabolic outcomes may be reductionist, as 

previously mentioned. Finally, the time frame of this study may not be sufficient 

to observe modifications in cardiometabolic profiles in children and adolescents. 

This study also has several strengths. First, extensive information was collected 

on sociodemographic characteristics, food consumption and cardiometabolic 

biomarkers from a prospective population-based birth cohort. Second, the large 

sample size of eligible participants. Third, variability on acrylamide occurrence in 

foods was included, extracting the maximum information from the EFSA 

publication (20). Fourth, the performance of 10 cycles of random attributions 

increases the inter-individual and intra-individual variability. Finally, the 

longitudinal models were adjusted for several relevant confounders, including 

maternal smoking habits, leisure physical activity, participants’ total energy 

intake, height and weight, representing another strength of this study. 

 

Conclusion 

This was the first study performed at younger ages, testing the association of 

acrylamide exposure on cardiometabolic outcomes, from childhood to 

adolescence. Comprehensive data from the Portuguese population-based birth 

cohort Generation XXI was used. Compared to adolescents, children presented 

a higher acrylamide exposure. Both children (MOE 215) and adolescents (MOE 

386) exposure levels presented health concerns regarding neoplastic effects. 

Acrylamide dietary exposure was associated with several health outcomes, 

particularly those more related to blood glucose, insulin resistance, and central 

and total body fat, but not with body mass index. On the contrary, it was negatively 

associated with z-BMI, as well as cholesterol lipid profiles and blood pressure. 

Nonetheless, the interpretation of the results should be made with caution. This 

variability in results suggests that the effects of acrylamide on cardiometabolic 

health are complex and may be influenced by multiple factors. Thus, it is not 

possible to conclude, without uncertainty, that acrylamide exposure alone is 
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responsible for observed abnormalities in cardiometabolic outcomes from 

childhood to adolescence. 

Despite the limitations in establishing a clear causal relationship between 

acrylamide exposure and cardiometabolic outcomes, both children and 

adolescents presented very low margins of exposure to acrylamide regarding 

neoplastic effects. This underscores the importance of implementing food policies 

and guidelines aimed at reducing acrylamide exposure in younger populations. 

Future research is needed to explore further the long-term health effects of 

acrylamide exposure from childhood to adulthood and assess the mitigation 

strategies' effectiveness in reducing the burden of associated diseases. 
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Figures 

Figure 1: Flowchart of the included participants with the selection criteria 

information. 
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Figure 2: Theoretical framework of the associations between acrylamide daily dietary exposure and cardiometabolic outcomes (z-

BMI, WC, %FM, total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, blood glucose, blood insulin, HOMA-IR, z-SBP, z- 

DBP). 

 

 

Abbreviations: z-BMI – body mass index z-score; WC – waist circumference; %FM – percentage of fat mass; LDL – low-density lipoprotein; HDL – high-density 

lipoprotein; HOMA-IR – homeostatic model assessment for insulin resistance; z-SBP – systolic blood pressure z-score; z-DBP – diastolic blood pressure z-

score. 
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Tables 

Table 1: Sociodemographic characteristics at baseline of the eligible participants 

and those of the remaining cohort. 

 n Eligible participants Remaining cohort p-value 

Participant’s sex, n (%) 8647   0.09 

Female  1494 (47.8) 2743 (49.7)  

Male  1633 (52.2) 2777 (50.3)  

Maternal age (years), mean (SD) 8636 30.8 (4.9) 28.8 (5.8) <0.001 

Maternal education (years), mean (SD) 8591 11.6 (4.3) 9.8 (4.1) <0.001 

Abbreviations: n – sample size, % – percentage; SD – standard deviation. 

Significant values are in bold. 
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Table 2: Leisure physical activity, cardiometabolic biomarkers and energy intake of eligible and non-eligible participants at 4-, 7-, 10- 

and 13-year follow-up. 

 4y    7y    10y    13y    

 n Eligible Non-

eligible 

p-

value 

n Eligible Non-

eligible 

p-

value 

n Eligible Non-

eligible 

p-

value 

n Eligible Non-

eligible 

p-

value 

Leisure 

physical 

activity 

practice, n 

(%) 

7383   0.25 4941   <0.0

01 

6389   <0.0

01 

4565   <0.0

01 

Yes  2158 (70.3) 2981 (69.1)   1566 (60.2) 1164 (49.8)   2035 (66.7) 1882 (56.4)   1628 (61.7) 1040 (54.0)  

No  910 (29.7) 1334 (30.9)   1037 (39.8) 1174 (50.2)   1015 (33.3) 1456 (43.6)   1010 (38.3) 887 (46.0)  

z-BMI, 

mean (SD) 

5934 0.56 (1.07) 0.66 (1.14) <0.0

01 

5833 0.70 (1.17) 0.73 (1.23) 0.26 5368 0.69 (1.22) 0.71 (1.26) 0.49 4637 0.41 (1.17) 0.51 (1.21) 0.00

5 

Waist 

circumferen

ce (cm), 

mean (SD) 

5919 52.5 (4.2) 53.0 (4.8) <0.0

01 

5825 58.9 (6.7) 59.4 (7.2) 0.00

5 

5358 67.4 (9.5) 68.0 (10.1) 0.03 4627 73.8 (9.9) 74.9 (10.7) <0.0

01 

Percentage 

of fat mass 

(%), mean 

(SD) 

4956 16.6 (7.7) 16.8 (8.2) 0.32 5440 17.2 (9.5) 17.7 (10.0) 0.05 5040 21.3 (10.8) 21.6 (11.2) 0.25 4511 25.1 (11.0) 26.0 (11.4) 0.00

5 

Total 

cholesterol 

1529 167.0 

(26.9) 

167.2 

(28.4) 

0.88 4571 168.9 

(27.7) 

169.4 

(28.4) 

0.52 3853 163.0 

(26.9) 

163.1 

(27.4) 

0.97 3779 147.9 

(26.2) 

147.6 

(26.1) 

0.80 
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(mg/dL), 

mean (SD) 

LDL 

cholesterol 

(mg/dL), 

mean (SD) 

460 101.4 

(23.6) 

98.2 (22.9) 0.14 4548 99.4 (23.4) 99.7 (24.4) 0.74 3825 94.4 (22.6) 94.3 (23.1) 0.93 3718 84.0 (20.9) 83.4 (20.9) 0.35 

HDL 

cholesterol 

(mg/dL), 

mean (SD) 

1529 49.7 (10.0) 50.0 (10.2) 0.56 4573 56.2 (10.6) 55.9 (10.8) 0.38 3852 55.7 (10.5) 55.2 (10.8) 0.17 3781 51.4 (9.7) 51.4 (10.0) 0.95 

Triglyceride

s (mg/dL), 

mean (SD) 

1529 68.7 (30.8) 69.0 (30.3) 0.83 4573 67.7 (32.2) 70.4 (39.6) 0.01 3853 66.4 (31.8) 68.9 (36.8) 0.03 3781 66.2 (29.2) 67.4 (31.6) 0.25

5 

Blood 

glucose 

(mg/dL), 

mean (SD) 

1529 78.3 (8.1) 79.6 (8.5) 0.00

3 

4572 82.9 (7.0) 83.4 (8.3) 0.02 3854 87.1 (7.8) 87.3 (7.8) 0.31 3780 89.1 (8.9) 89.1 (9.5) 0.88 

Blood 

insulin 

(µU/mL), 

mean (SD) 

1525 4.62 (4.82) 5.53 (6.52) 0.00

2 

4020 5.49 (4.02) 5.76 (4.52) 0.05 3843 9.17 (5.95) 9.86 (6.71) <0.0

01 

3736 12.8 (7.1) 13.3 (10.3) 0.07 

HOMA-IR, 

mean (SD) 

1525 0.93 (1.13) 1.13 (1.46) 0.00

3 

4016 1.15 (0.92) 1.21 (1.05) 0.05 3843 2.00 (1.36) 2.16 (1.55) <0.0

01 

3734 2.83 (1.72) 2.98 (2.58) 0.06 
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z-SBP, 

mean (SD) 

4738 0.36 (0.71) 0.43 (0.78) 0.00

1 

5812 0.70 (0.83) 0.72 (0.82) 0.32 5361 0.59 (0.85) 0.67 (0.91) <0.0

01 

4628 0.21 (0.93) 0.30 (0.95) 0.00

2 

z-DBP, 

mean (SD) 

4738 0.41 (0.71) 0.45 (0.72) 0.07 5812 1.03 (0.69) 1.07 (0.67) 0.04 5361 0.66 (0.62) 0.72 (0.65) <0.0

01 

4628 0.51 (0.77) 0.52 (0.76) 0.61 

Energy 

intake 

(kcal/day), 

mean (SD) 

2493 1604 (292) 1598 (300) 0.60 3587 1772 (305) 1740 (317) 0.00

8 

2855 1910 (384) 1850 (383) 0.00

7 

2833 1847 (433) 1819 (436) 0.14 

Abbreviations: 4y – 4-year follow-up; 7y – 7-year follow-up; 10y – 10-year follow-up; 13y – 13-year follow-up; n – sample size, % – percentage; SD – standard 

deviation; z-BMI – body mass index z-score; LDL – low-density lipoprotein; HDL – high-density lipoprotein; HOMA-IR – homeostatic model assessment for 

insulin resistance; z-SBP – systolic blood pressure z-score; z-DBP – diastolic blood pressure z-score. 

Significant values are in bold. 
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Table 3: Distribution of daily dietary exposure to acrylamide (µg/kg of body 

weight/day) and margins of exposure values for peripheral neuropathy and 

neoplastic effects, stratified by follow-up evaluations. 

  Mean P5* P25* Median P75* P95* 

4-year follow-up (n = 2013)        

Dietary exposure µg/kg/day 0.90 0.24 0.53 0.79 1.17 1.92 

MOEPN - 478 224 368 544 811 1792 

MOENE - 189 89 145 215 321 708 

7-year follow-up (n = 3153)        

Dietary exposure µg/kg/day 0.73 0.24 0.44 0.65 0.92 1.47 

MOEPN - 589 295 467 662 977 1792 

MOENE - 233 116 185 262 386 708 

10-year follow-up (n = 2641)        

Dietary exposure µg/kg/day 0.69 0.21 0.40 0.60 0.88 1.44 

MOEPN - 623 299 489 717 1075 2048 

MOENE - 246 118 193 283 425 810 

13-year follow-up (n = 2692)        

Dietary exposure µg/kg/day 0.49 0.14 0.28 0.44 0.63 1.04 

MOEPN - 878 413 683 977 1536 3071 

MOENE - 347 163 270 386 607 1214 

 

Abbreviations: MOEPN – margins of acrylamide exposure for peripheral neuropathy; MOENE – 

margins of acrylamide exposure for neoplastic effects; Pα – α-percentile. 

MOEPN considering BMDL10 = 430 µg/kg of body weight/day, and MOENE considering BMDL10 = 

170 µg/kg of body weight /day. 

* Pα MOE = BMDL10 / P1 - α exposure.  
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Table 4: Generalized least squares model of acrylamide daily dietary exposure 

(µg/day) on cardiometabolic outcomes (standardised β and 95% confidence 

interval (CI)). 

 
Model 1 

std β (95% CI) 

Model 2 

std β (95% CI) 

Model 3 

std β (95% CI) 

z-BMI    

Observations 5657 4982 4982 

Acrylamide -0.03 (-0.05, -0.02) -0.04 (-0.06, -0.02) -0.04 (-0.06, -0.02) 

Acrylamide lag-1 -0.06 (-0.08, -0.04) -0.07 (-0.08, -0.05) -0.07 (-0.09, -0.04) 

R2 0.006 0.039 0.039 

Waist circumference (cm)    

Observations 5653 4980 4980 

Acrylamide 0.10 (0.08, 0.12) 0.09 (0.06, 0.11) 0.09 (0.06, 0.12) 

Acrylamide lag-1 0.12 (0.10, 0.14) 0.12 (0.09, 0.14) 0.06 (0.03, 0.08) 

R2 -0.025 0.026 0.033 

Percentage of fat mass (%)    

Observations 5387 4745 4745 

Acrylamide 0.02 (-0.01, 0.04) 0.01 (-0.01, 0.03) 0.05 (0.02, 0.08) 

Acrylamide lag-1 0.08 (0.06, 0.10) 0.08 (0.06, 0.11) 0.04 (0.01, 0.06) 

R2 -0.008 0.066 0.084 

Total cholesterol (mg/dL)    

Observations 4552 4015 4015 

Acrylamide -0.08 (-0.11, -0.06) -0.08 (-0.10, -0.05) -0.07 (-0.10, -0.04) 

Acrylamide lag-1 -0.13 (-0.15, -0.10) -0.13 (-0.16, -0.10) -0.07 (-0.11, -0.04) 

R2 0.014 0.021 0.028 

LDL cholesterol (mg/dL)    

Observations 4495 3974 3974 

Acrylamide -0.09 (-0.11, -0.07) -0.09 (-0.11, -0.06) -0.07 (-0.11, -0.04) 

Acrylamide lag-1 -0.12 (-0.14, -0.09) -0.12 (-0.15, -01.0) -0.08 (-0.11, -0.04) 

R2 0.013 0.020 0.025 

HDL cholesterol (mg/dL)    

Observations 4543 4016 4016 

Acrylamide -0.03 (-0.05, -0.00) -0.03 (-0.05, 0.00) -0.05 (-0.08, -0.02) 

Acrylamide lag-1 -0.09 (-0.11, -0.06) -0.09 (-0.12, -0.07) -0.06 (-0.09, -0.02) 

R2 0.000 0.008 0.016 

Triglycerides (mg/dL)    

Observations 4543 4016 4016 

Acrylamide 0.00 (-0.03, 0.02) 0.00 (-0.03, 0.03) 0.03 (-0.01, 0.06) 

Acrylamide lag-1 -0.01 (-0.04, 0.01) -0.00 (-0.04, 0.03) 0.02 (-0.02, 0.05) 
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R2 0.000 0.012 0.015 

Blood glucose (mg/dL)    

Observations 4542 4015 4007 

Acrylamide 0.07 (0.05, 0.10) 0.06 (0.04, 0.09) 0.08 (0.05, 0.11) 

Acrylamide lag-1 0.07 (0.04, 0.10) 0.07 (0.04, 0.09) 0.03 (0.00, 0.07) 

R2 0.007 0.021 0.025 

Blood insulin (µU/mL)    

Observations 4369 3860 3860 

Acrylamide 0.05 (0.02, 0.08) 0.05 (0.02, 0.08) 0.08 (0.05, 0.12) 

Acrylamide lag-1 0.09 (0.06, 0.12) 0.10 (0.06, 0.13) 0.01 (-0.02, 0.05) 

R2 -0.027 0.014 0.036 

HOMA-IR    

Observations 4369 3860 3854 

Acrylamide 0.05 (0.03, 0.08) 0.05 (0.02, 0.08) 0.08 (0.05, 0.12) 

Acrylamide lag-1 0.09 (0.06, 0.11) 0.09 (0.06, 0.13) 0.02 (-0.02, 0.05) 

R2 -0.025 0.011 0.030 

z-SBP    

Observations 5648 4976 4976 

Acrylamide -0.01 (-0.04, 0.01) -0.01 (-0.04, 0.01) -0.02 (-0.05, 0.01) 

Acrylamide lag-1 -0.08 (-0.11, -0.06) -0.10 (-0.12, -0.07) -0.07 (-0.10, -0.03) 

R2 0.001 0.022 0.024 

z-DBP    

Observations 5648 4976 4976 

Acrylamide -0.06 (-0.09, -0.04) -0.06 (-0.09, -0.04) -0.05 (-0.09, -0.02) 

Acrylamide lag-1 -0.08 (-0.10, -0.05) -0.08 (-0.10, -0.05) -0.03 (-0.06, 0.00) 

R2 0.010 0.024 0.029 

Note: “Acrylamide” refers to cross-sectional exposure and “Acrylamide lag-1” refers to longitudinal 

exposure. 

Abbreviations: std β – standardised regression coefficient; 95% CI – 95% confidence interval; 

Acrylamide lag-1 – acrylamide daily dietary exposure estimated for the previous follow-up 

evaluations (longitudinal); R2 – R-squared; z-BMI – body mass index z-score; LDL – low-density 

lipoprotein; HDL – high-density lipoprotein; HOMA-IR – homeostatic model assessment for insulin 

resistance; z-SBP – systolic blood pressure z-score; z-DBP – diastolic blood pressure z-score. 

Model 1: adjusted for cross-sectional and longitudinal acrylamide daily exposure values. 

Model 2: adjusted for model 1 plus participants’ sex, maternal age, maternal education, maternal 

smoking habits, and practice of regular physical activity (cross-sectional and longitudinal). 

Model 3: adjusted for model 2 plus total energy intake (kcal) (cross-sectional and longitudinal). 

Significant values are in bold. 
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Appendices 

Table S1: Generalized least squares model of acrylamide daily dietary exposure 

(µg/day) on cardiometabolic outcomes (standardised β and 95% confidence 

interval (CI)). 

 
Model 4 

std β (95% CI) 

Model 5 

std β (95% CI) 

Waist circumference (cm)   

Observations 4964 4963 

Acrylamide -0.27 (-0.29, -0.25) -0.02 (-0.04, -0.00) 

Acrylamide lag-1 -0.21 (-0.23, -0.19) -0.03 (-0.04, -0.01) 

R2 0.227 0.439 

Percentage of fat mass (%)   

Observations - 4729 

Acrylamide - -0.08 (-0.10, -0.05) 

Acrylamide lag-1 - -0.04 (-0.06, -0.02) 

R2 - 0.229 

Total cholesterol (mg/dL)   

Observations 4007 4007 

Acrylamide 0.10 (0.08, 0.13) 0.00 (-0.03, 0.02) 

Acrylamide lag-1 0.07 (0.04, 0.09) -0.01 (-0.03, 0.02) 

R2 0.016 0.115 

LDL cholesterol (mg/dL)   

Observations 3966 3966 

Acrylamide 0.08 (0.05, 0.10) -0.02 (-0.04, 0.00) 

Acrylamide lag-1 0.05 (0.03, 0.08) -0.01 (-0.04, 0.01) 

R2 0.007 0.086 

HDL cholesterol (mg/dL)   

Observations 4008 4008 

Acrylamide 0.14 (0.11, 0.17) 0.03 (0.00, 0.05) 

Acrylamide lag-1 0.07 (0.04, 0.09) -0.01 (-0.03, 0.02) 

R2 0.033 0.068 

Triglycerides (mg/dL)   

Observations 4008 4008 

Acrylamide -0.03 (-0.06, -0.00) 0.00 (-0.03, 0.03) 

Acrylamide lag-1 -0.02 (-0.05, 0.01) -0.00 (-0.04, 0.03) 

R2 0.015 0.013 

Blood glucose (mg/dL)   

Observations 4007 4007 

Acrylamide -0.07 (-0.09, -0.04) 0.03 (0.00, 0.06) 
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Acrylamide lag-1 -0.07 (-0.10, -0.04) -0.02 (-0.05, 0.01) 

R2 0.026 0.095 

Blood insulin (µU/mL)   

Observations 3854 3854 

Acrylamide -0.20 (-0.22, -0.17) -0.03 (-0.06, -0.01) 

Acrylamide lag-1 -0.13 (-0.16, -0.11) -0.04 (-0.07, -0.01) 

R2 0.108 0.277 

HOMA-IR   

Observations 3854 3854 

Acrylamide -0.19 (-0.22, -0.16) -0.03 (-0.06, -0.00) 

Acrylamide lag-1 -0.13 (-0.16, -0.10) -0.04 (-0.06, -0.01) 

R2 0.095 0.262 

z-SBP   

Observations 4960 - 

Acrylamide 0.03 (0.01, 0.06) - 

Acrylamide lag-1 -0.01 (-0.04, 0.01) - 

R2 0.016 - 

z-DBP   

Observations 4960 - 

Acrylamide 0.01 (-0.02, 0.03) - 

Acrylamide lag-1 0.02 (-0.01, 0.04) - 

R2 0.013 - 

Note: “Acrylamide” refers to cross-sectional exposure and “Acrylamide lag-1” refers to longitudinal 

exposure. 

Abbreviations: std β – standardised regression coefficient; 95% CI – 95% confidence interval; 

Acrylamide lag-1 – acrylamide daily dietary exposure estimated for the previous follow-up 

evaluations (longitudinal); R2 – R-squared; LDL – low-density lipoprotein; HDL – high-density 

lipoprotein; HOMA-IR – homeostatic model assessment for insulin resistance; z-SBP – systolic 

blood pressure z-score; z-DBP – diastolic blood pressure z-score. 

Model 4: adjusted for cross-sectional and longitudinal acrylamide daily exposure values, 

participants’ sex, maternal age, maternal education, maternal smoking habits, practice of regular 

physical activity (cross-sectional and longitudinal) and participants’ weight (kg) (cross-sectional 

and longitudinal). 

Model 5: adjusted for cross-sectional and longitudinal acrylamide daily exposure values, 

participants’ sex, maternal age, maternal education, maternal smoking habits, practice of regular 

physical activity (cross-sectional and longitudinal) and participants’ height (m) (cross-sectional 

and longitudinal). 

Significant values are in bold. 

 

 

  



Results 

149 

 

 

 

 

 

 

 

 

 

 

 

 

Paper IV 

Association between bisphenol A exposure and cardiometabolic 

outcomes: A longitudinal approach 

Sofia Almeida Costa, Milton Severo, Carla Lopes, Duarte Torres 

 

Journal of Hazardous Materials. 2024 Sep 5; 476: 135000. 

DOI: 10.1016/j.jhazmat.2024.135000 

  



Results 

150 

 

  



Results 

151 

 



Results 

152 

 



Results 

153 

 



Results 

154 

 



Results 

155 

 



Results 

156 

 



Results 

157 

 



Results 

158 

 



Results 

159 

 



Results 

160 

 



Results 

161 

Appendice 

Table A1: Distribution of daily dietary exposure to bisphenol A (ng/kg of body 

weight/day) of the eligible participants, stratified by follow-up evaluations. 

 P5 P25 Median P75 P95 

4-year follow-up 48.7 60.8 68.8 77.8 90.6 

7-year follow-up  33.9 43.5 50.3 57.6 67.9 

10-year follow-up 23.4 30.1 36.3 42.1 51.7 

13-year follow-up 16.1 21.0 24.7 29.0 36.3 

 

Abbreviations: Pα – α-percentile. 
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Highlights 

• AA and BPA daily exposure was estimated through collected dietary 

information 

• AA and BPA exposure may impair pubertal development at 10 and 13 

years old 

• AA exposure was negatively associated with pubertal development in girls 

• BPA exposure was positively associated with pubertal development in 

boys 

• The combined exposure effect did not significantly change the found 

associations 
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Abstract 

Endocrine-disrupting compounds, such as acrylamide (AA) and bisphenol A 

(BPA), are external substances usually found in air, water, food and other 

consumer products that may influence puberty timing onset. 

This study aims to assess the association of food contaminants exposure, namely 

AA and BPA, individually and combined, on pubertal development in children and 

adolescents aged 4 to 13. 

Data from four waves of the Portuguese population-based birth cohort 

Generation XXI was used (n = 5279). Dietary information was gathered through 

3-day food diaries and categorised using the FoodEx2 classification system. 

Daily dietary AA exposure was estimated by merging food consumption with 

occurrence data from EFSA’s publication. Daily BPA exposure was estimated 

using a random forest model that integrated food consumption data with urinary 

BPA levels. Linear regression models were used to test the associations between 

exposure to food contaminants (individually and combined), and pubertal 

development. Two models were performed: Model 1 adjusted for the exact 

participants’ age, maternal age, maternal education, and the practice of leisure 

physical activity, and Model 2 adjusted for Model 1 plus total energy intake. 

The median dietary exposure is higher in boys for both AA and BPA, decreasing 

with age in both sexes. After adjusting for all confounders (model 2), a significant 

negative association was found between individual AA exposure at 7 years (-

0.007 (95% CI: -0.013, -0.002)), 10 years (-0.006 (95% CI: -0.010, -0.003)) and 

13 years (-0.005 (95% CI: -0.009, -0.001)) and the pubertal development global 

score in girls, and a significant positive association for individual AA exposure at 

13-years (0.003 (95% CI: 0.000, 0.007)) in boys. A significant positive association 

between BPA exposure at 10 and 13 years and a higher pubertal development 

global score was only found in boys. Testing the combined exposure did not 

significantly change the results observed for the individual exposure to each food 

contaminant, except for the AA association in boys that lost their significance. 

Childhood and adolescent exposure to AA and BPA was associated with impaired 

timing of puberty onset, representing a relevant public health concern. 

Keywords: cohort, acrylamide, bisphenol A, children, adolescents, Tanner 
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Introduction 

Puberty represents a dynamic transition from childhood to adulthood, with 

significant physical changes leading to reproductive maturity. However, the timing 

of pubertal onset and the speed of its progression vary greatly among individuals 

and may be influenced by external factors (1). 

In recent years, the development of different endocrine abnormalities due to 

exposure to endocrine-disrupting compounds (EDC) from the environment has 

been well described (2). EDC are external substances usually found in air, water, 

food, and other consumer products, and they are one of the factors that may 

influence puberty timing (3,4). These compounds may directly interfere with 

estrogenic or androgenic signalling pathways and consequently with the 

hypothalamic-pituitary-gonadal axis or indirectly with peripheral organs, such as 

adipose tissue and adrenal glands (5). 

Considering that the correct function of the endocrine system is essential for the 

control, development and maturation of the different tissues and organs, EDC 

exposure in critical time windows can significantly impair short- and long-term 

health outcomes (4). Prenatal period, namely the embryo-fetal time, and 

postnatal period, childhood and adolescence, are the most susceptible to 

disruptions (1,4). 

Acrylamide (AA) is a compound primarily formed via the Maillard reaction when 

the amino acid asparagine reacts with reducing sugar under low-moisture 

conditions at temperatures exceeding 120ºC. It is commonly found in baked or 

fried carbohydrate-rich foods, tobacco smoke, and other industrial applications 

(4,6,7). For the general population, particularly children and adolescents, diet 

represents the primary source of AA exposure (8). Major dietary contributors 

include cereal products (such as bread, toast, breakfast cereals, biscuits, and 

snacks), potato-based foods (including chips, French fries, and crisps), coffee 

and coffee substitutes (8,9). AA was classified as “probably carcinogenic” by the 

International Agency for Research on Cancer in 1994 (10). Moreover, recently, 

AA was also considered a potential EDC (4,11), corroborated by animal studies 

which found an association with reproductive toxicity, including ovarian 

dysfunction, disrupted spermatogenesis and infertility (4). However, 

epidemiological studies in humans, particularly testing the association between 
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AA exposure at younger ages and pubertal development, are limited and 

inconclusive. 

Bisphenol A (BPA) is a monomer used to produce polycarbonate plastics and 

epoxy resins. Polycarbonate plastics are commonly applied to food contact 

materials, such as reusable beverage bottles, tableware, cookware, and food 

containers. Epoxy resins are often used in protective linings of food and beverage 

cans (12,13). Additionally, BPA is utilised in different non-food-related products, 

including toys, medical devices, thermal paper, electronic products, and flame 

retardants (14). Diet is considered the main source of BPA exposure in humans, 

with canned foods and beverages being the most relevant contributors (15,16). 

This food contaminant was considered EDC, and considering both the estrogenic 

and anti-androgenic effects after exposure may impair the reproductive system 

and pubertal regulation (17,18). Despite that, previous studies testing pre- and 

post-natal BPA exposure and consequences on pubertal development have 

shown controversial results, leaving the conclusions of this association unclear. 

Different possible explanations for the inconclusive results found in the previously 

published studies regarding EDC and pubertal development may be related to 

the type of EDC, duration of exposure, type of outcomes and age at exposure/ 

outcome evaluation (19). Furthermore, most of the studies have been focused on 

assessing the effect of individual compounds, with a narrow perspective 

considering the complexity of the diet and the real-world scenario of food 

contaminants exposure. 

Thus, this study aims to assess the association of food contaminants exposure, 

namely acrylamide and bisphenol A, individually and combined, on pubertal 

development in children and adolescents aged 4 to 13. 

 

Methods 

Study design and participants 

This study utilised data from Generation XXI (GXXI), an ongoing prospective 

population-based birth cohort established between April 2005 and August 2006, 

across five public healthcare units providing obstetrical and neonatal care in the 

metropolitan area of Porto, Portugal, as previously described (20). Recruitment 

was based on the following eligibility criteria: mothers residing in one of the six 

municipalities within the metropolitan area of Porto, delivering at the public 
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hospitals serving these municipalities, and giving birth to live infants with a 

gestational age of at least 24 weeks. Between 24 to 72 hours post-delivery, 

mothers were invited to join the GXXI cohort, with a participation rate of 91%, 

resulting in the enrolment of 8,495 mothers and 8,647 children. Participants were 

subsequently invited for follow-up assessments at 4, 7, 10, and 13 years of age, 

with participation rates of 86%, 80%, 76%, and 54%, respectively. The lower 

participation rate of the last follow-up was attributed to the COVID-19 pandemic, 

which prematurely interrupted data collection in March 2020. 

This study analysed data from all follow-up evaluations. The eligibility criteria for 

inclusion were having at least one completed food diary, i.e. at least two reported 

days within each follow-up, and having performed a sexual development 

evaluation at 10 and/or at 13 years old. Our final sample included 5279 

participants. 

 

Sociodemographic characteristics and lifestyle factors 

Sociodemographic characteristics were collected from the participants and 

mothers using standardised questionaries. Maternal age at baseline and 

maternal educational level (defined as the number of completed schooling years) 

were the variables considered and collected at baseline. The child’s sex was 

collected at baseline, and the exact age of the child was calculated based on the 

date on which the pubertal development assessment was conducted. 

Regarding lifestyle factors, physical activity was considered a potential 

confounding variable in the association between exposure to food contaminants 

and pubertal development impairment. Thus, the practice (yes/no) of leisure 

physical activity outside the school was used at 4-, 7-, 10-, and 13-year follow-

ups. 

 

Dietary intake and exposure to food contaminants 

Before the face-to-face interview, parents (or primary caregivers) at the 4-, 7-, 

and 10-year follow-ups, as well as adolescents at the 13-year follow-up, were 

instructed by the research team, both orally and in writing, to complete a 3-day 

food diary, including two weekdays and one weekend day. Detailed information 

was collected for each food or beverage consumed, such as the time and place 

of consumption, brand, preparation method, cooking process, and quantity 
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consumed. During the face-to-face interviews, trained researchers reviewed the 

food diaries. Trained nutritionists coded data from the 4-, 7-, and 10-year follow-

ups using Food Processor SQL software (21) and processed data from the 13-

year follow-up with the "eAT24" software. Dietary data from the 4- to 10-year 

follow-ups were harmonised in the "eAT24" software to ensure consistency. This 

software, developed for the Portuguese National Food, Nutrition, and Physical 

Activity Survey 2015-2016, integrates the Portuguese Food Composition Table 

and uses the FoodEx2 classification system, as previously described (22,23). 

Finally, all food items and beverages were converted into energy and nutrients, 

and the individual mean daily intake was computed. Participants were eligible for 

inclusion in the present study only if their food diaries included data for at least 

two complete days in any follow-up evaluation. 

The daily dietary exposure to AA (µg/kg of body weight/day) was then calculated 

following previously described methods (9). Data on AA levels in various food 

groups were obtained from the EFSA Scientific Opinion on Acrylamide in Food, 

published in 2015 (8). Ten cycles of random assignments were conducted, 

producing ten distinct estimated AA values for each consumption occasion. 

A random forest model was used to estimate the daily exposure to BPA, as 

described elsewhere (24). This methodology combined information on food group 

consumption, food packing material, and the total urinary concentration of BPA 

measured in 24-h urine of a sub-sample. A 2-times 5-fold cross-validation was 

applied to handle the possible overfitting of the model. The random forest was 

then applied to predict the total BPA daily exposure in the remaining sample and 

the remaining follow-up waves. 

 

Anthropometrics measurements 

Trained observers performed a physical examination and anthropometric 

measures at the 4-, 7‐, 10‐ and 13‐year‐old follow‐up evaluations. Height and 

weight were measured objectively during face-to-face interviews following 

standard procedures. Measurements were taken after a 12-hour fasting period, 

with participants dressed in light clothing and barefoot (25). Height was recorded 

to the nearest centimetre using a wall stadiometer (SECA, Hamburg, Germany), 

while body weight was measured to the nearest tenth of a kilogram using a digital 

scale (SECA, Columbia, USA). Body mass index (BMI) was calculated as weight 



Results 

172 

divided by height squared, and participants were classified based on age- and 

sex-specific BMI z-scores (z-BMI) provided by the World Health Organization 

(26). 

 

Pubertal development 

Pubertal development was assessed at ages 10 and 13 using the Tanner scale, 

a standardised method for evaluating sexual maturation (27,28). The scale 

encompasses different parameters, namely breast development in girls, genital 

development in boys and pubic hair development in both sexes. At 13 years old, 

axillary hair was evaluated for both sexes. The evaluation was conducted by 

trained professionals who received training from a single endocrinologist. Breast 

development in girls was assessed through visual inspection and palpation, while 

testicular volume was measured to evaluate genital development in boys using 

the Prader orchidometer. Each parameter was classified into five stages: 1 – 

prepubertal; 2, 3, and 4 – pubertal; and 5 – postpubertal. When discrepancies 

arose between breast or testicular development and pubic hair staging, the 

former was prioritised. 

 

Ethics approval and consent to participate 

All study phases complied with the Ethical Principles for Medical Research 

Involving Human Subjects expressed in the Declaration of Helsinki (29). The 

baseline and follow-up evaluations were approved by the University of Porto 

Medical School/ S. João Hospital Centre Ethics Committee, except the 13-year 

follow-up approved by the ISPUP Ethics Committee. At baseline and follow-up 

evaluations, all procedures were explained to participants, and informed consent 

was signed by one of the parents or legal guardians (at 13 years, it was also 

signed by the participants). The Data Protection National Commission 

additionally approved the baseline evaluation. The study follows the present EU 

General Data Protection Regulation under close supervision of the Data 

Protection Office of ISPUP. 
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Statistical analysis 

Proportions were compared using the chi-square test, mean using the Student’s 

t-test and median using the Mann–Whitney U test. The analyses were stratified 

by sex. 

Factor scores was estimated using empirical Bayes methods from graded 

response models (GRM), which enables handling ordered polytomous variables 

(30). This model assumes that item discrimination is not equal across all items 

and that differences between each response category are not the same across 

all items. In the present study, the resulting factor scores – hereafter referred to 

as the global score of pubertal development – were derived from items of pubic 

hair and breast/genital development, evaluated at 10 and 13 years old 

(supplemental material, Figure S1 and Table S3). 

The association between the global score of pubertal development and the 

participant’s exact age at 10- and 13-year follow-up was evaluated using the 

linear regression model. According to the strongest coefficient found, the exact 

age at 10-year follow-up in girls and the exact age at 13-year follow-up in boys 

were the variables that explained better the differences in the global score of 

puberty (data not shown). 

A linear regression model was used to test the associations between exposure 

to food contaminants, individually and combined, and pubertal development. Both 

cross-sectional and longitudinal practice of leisure physical activity and total 

energy intake were pointed as potential confounding variables and tested. Only 

the cross-sectional variables remained statistically significant, being those 

included in the final model. Thus, two models are presented in this paper. Model 

1 was adjusted for the exact participants’ age, maternal age, maternal education, 

and cross-sectional practice of leisure physical activity. Model 2 was adjusted for 

model 1 plus cross-sectional total energy intake (kcal). Moreover, the analysis 

were performed separately for each of the 10 different estimated values of AA 

and then combined  using Rubin’s rules (31). 

All statistical analyses were performed with a 5% significance level, and missing 

data were treated at random. The R software version 4.2.1 for Windows was 

used. 
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Results 

Sociodemographic characteristics between eligible participants and the 

remaining cohort at baseline were similar (supplemental material, Table S1). Of 

the included participants, 51.3% were male, and 48.7% were female. Statistical 

differences were only found for maternal characteristics. 

Regarding the general characteristics of the eligible participants (Table 1), no 

significant differences were found between girls and boys for maternal age and 

maternal education. However, some significant differences were found in the 

other variables. As expected, compared to girls, boys presented a higher level of 

physical activity, higher total energy intake, and higher z-BMI. Regarding the daily 

dietary exposure to AA and BPA at 4-, 7-, 10- and 13- years old, the median 

dietary exposure is higher in boys for both AA and BPA, decreasing with age in 

both sexes. 

Table 2 presents the pubertal development of participants according to the 

Tanner scale at 10 and 13 years. The estimated percentage of participants in 

stage 1 of breast or genital rating was 26.6% in girls and 73.4% in boys at 10 

years, while at 13 years, these percentages reduced, as expected, to 1.6% and 

1.2%, respectively. At 13 years of age, 55.6% of the girls and 61.7% of the boys 

have reached stage 4 or 5 for the breast or genital rating. Despite that, regarding 

pubic hair, 61.2% of the girls and 31.4% of the boys have reached stage 4 or 5. 

Table 3 presents the linear regression models to test the association between 

food contaminants exposure, individually and combined, with the global score of 

pubertal development. After adjusting for the participant’s exact age, maternal 

age, maternal education, the practice of leisure physical activity and total energy 

intake (model 2), a significant negative association was found between individual 

AA exposure at 7 years (-0.007 (95% CI: -0.013, -0.002)), 10 years (-0.006 (95% 

CI: -0.010, -0.003)) and 13 years (-0.005 (95% CI: -0.009, -0.001)) and a higher 

pubertal development global score in girls. On the contrary, there was a 

significant positive association for individual AA exposure at 13 years (0.003 

(95% CI: 0.000, 0.007)) in boys. Regarding individual BPA exposure, a significant 

positive association with a higher pubertal development global score was found 

only in boys for exposures at 10 and 13 years of age. Testing the combined 

exposure in the model did not significantly change the results observed for the 
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individual exposure to each food contaminant, except for the AA association in 

boys that lost its significance. 

 

Discussion 

Considering data from a population-based birth cohort, the present study found 

an adverse effect of food contaminants exposure, namely acrylamide and 

bisphenol A, on pubertal development. In girls, higher exposure to AA at 7, 10 

and 13 years of age was inversely associated with pubertal development at 10 

and 13 years. In boys, higher exposure to AA at 13 years and higher exposure to 

BPA at 10 and 13 years of age was positively associated with precious pubertal 

development. The combined effect of these food contaminants was also tested, 

and the results remained the same, except for the effect of AA among boys, which 

lost its significance. 

To the best of our knowledge, this is the first study assessing the association 

between food contaminants exposure, estimated through collected dietary 

information, and pubertal development, measured through the Tanner scale. 

Moreover, this study followed a prospective and cross-sectional epidemiological 

design to the extent that the exposure was measured before or at the same time 

as the outcome was assessed. In this work, we only found one significant 

negative longitudinal association between higher exposure to AA at 7 years and 

later pubertal development in girls. 

According to studies performed in animal models, it was plausible that AA and 

BPA exposure causes later puberty by disrupting the hypothalamic-pituitary-

gonadal axis, reducing sex hormone concentrations in both female and male 

animals (32,33). On the other hand, BPA also has estrogen-mimicking properties, 

which may trigger early puberty in both sexes (33). 

The previous epidemiological evidence on the association between AA and BPA 

dietary exposure and impaired pubertal development in humans is limited and 

contradictory. The comparison of the present findings with other studies is also 

difficult, considering the methodological differences across them. First, most 

previous studies estimated the exposure in spot urine or blood samples. From 

what we know, only one study performed in preschool-age Japanese children in 

2006 estimated dietary acrylamide exposure using 3-day diet records (34). 

Second, the moment of exposure assessment differs, which sometimes reflects 
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the pre-natal exposure and other times reflects the post-natal exposure, 

especially for BPA-tested associations. Third, different methodologies to assess 

pubertal development were used across studies, i.e., using other scales rather 

than the Tanner scale, the interpretation of one single parameter or an overall 

pubertal development score, and measuring sex hormones in the blood to 

determine the pubertal stage. Fourth, the cross-sectional design of most studies 

and the small sample size. Fifth, the variability of the chosen potential 

confounders also differs, especially concerning BMI and total energy intake. 

Given the conceptual framework of this study and the potential role of AA and 

BPA as an endocrine disruptor, our final model was adjusted for 

sociodemographic characteristics, lifestyle factors, and total energy intake. Since 

participants' BMI could mediate the observed association, any adjustment or 

stratification to the model for this variable would be inappropriate. 

Regarding AA, in line with our results, in a study involving 230 boys and 198 girls 

aged 3–6 years, a positive association between dietary AA exposure and higher 

sex hormone levels was found exclusively in boys (34). A cross-sectional study 

using data from individuals aged 6-19 years of NHANES 2013-2016 found a 

negative correlation between blood acrylamide and glycidamide biomarkers and 

sex hormone levels in girls (32). However, contrary to our findings, these authors 

also found a significant negative association among boys (32). Another recent 

Japanese study among adolescents aged 13-14 years found that AA measured 

in urine was associated with lower testosterone levels and a delayed puberty 

stage in males (35). Finally, other authors did not find significant associations 

between blood acrylamide and glycidamide biomarkers and sex hormones using 

cross-sectional data from NHANES 2003-2004 of participants older than 12 years 

(36). Nevertheless, all these studies adjusted their models to BMI, among other 

potential confounders, which may conditionate the interpretation and the 

comparison of the results. 

For BPA cross-sectional (37–39) and longitudinal (40–42) studies did not find an 

association between urinary BPA and abnormalities in pubertal development in 

girls, which is in line with our results. In another cross-sectional study from the 

United Kingdom, although concentrations of urinary BPA have shown a positive 

association with the onset of thelarche, the authors failed to find a statistical 

significance for the hazard ratio (43). One South Korean study found that prenatal 
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exposure to BPA was associated with early puberty but did not find a significant 

result considering childhood exposure (19). Additionally, a systematic review with 

meta-analysis, including only studies performed with female participants, found 

no significant association between BPA exposure and pubertal development (17). 

Among boys, aligned with the findings of this paper, a cross-sectional study 

performed among Chinese boys aged 9-18 found a significant positive 

association between urinary BPA and early pubertal onset (44). Still, 

contradictory to our results, some authors found positive associations with 

statistical significance between BPA exposure and precocious puberty in girls 

(45–47). In boys, several studies failed to find a significant association (46,48). In 

one cohort study, including 250 Mexican boys, prenatal BPA exposure was 

associated with reduced odds of adrenarche and puberty. Still, no clear 

association was found between childhood BPA exposure and pubertal onset (49). 

There are some possible explanations for these differences. As observed for AA 

studies, most of the previously published results were adjusted for BMI, making 

direct comparison difficult, as the effect of food contaminants exposure on 

pubertal development may not be accurately measured in the adjusted model. 

Furthermore, the dual functionality of BPA, acting as an agonist or antagonist in 

the causal pathway, may explain the contradictory results of the BPA effect on 

early or later pubertal development. 

It is also important to highlight that spot or first-morning urines may not correctly 

represent exposure to food contaminants, especially for those with relatively short 

half-lives, such as AA and BPA. In fact, the half-live ranges between 5 to 8 hours 

for AA (50) and approximately 6 hours for BPA body (51). Furthermore, the intra-

individual variability and the inconstant concentration of food contaminants in 

urine throughout the day may not be captured with a single sample collection 

(48,52). 

Only two cited studies assessed the effect of childhood combined exposures 

(phthalates and phenols) (19,53). They failed to find a significant association with 

impaired pubertal development in girls and boys. Our findings revealed that 

significant associations of AA and BPA exposure (cross-sectionally and 

longitudinally) with abnormalities in the timing of puberty onset remained 

significant when combined exposure to these food contaminants was tested. This 
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represents an important input to fill the gap in knowledge since it provides a more 

realistic perspective from real-world exposure. 

Lastly, the interpretation of a single pubertal parameter appears limited, 

considering the different velocities of pubic hair versus breast/genital rating in 

girls and boys (27,28). Additionally, we cannot discard some misclassification in 

our sample, especially in boys. Puberty typically begins in boys about two years 

later than in girls, and many boys aged 10 to 13 are still prepubescent (28). 

However, boys in our cohort appear to experience a relatively rapid pace of 

pubertal development, progressing in genital stages compared to pubic hair 

within this age range. This justified the use of GRM to compute a global score of 

pubertal development, including the most relevant and discriminating 

parameters. We concluded from the reliability analysis (supplemental material, 

Table S2) that the high missing rate for axillary hair might indicate issues with this 

variable, conditioning its relevance to the model. Therefore, axillary hair was not 

included in the calculated global score of pubertal development. 

 

Limitations and strengths 

Our analyses have some limitations that must be addressed. First, the 

sociodemographic characteristics of the eligible participants may suggest a 

potential presence of participation bias. However, given that statistically 

significant results were found in our sample for maternal characteristics, we 

hypothesise that the effects observed in the general population would be even 

more pronounced. Second, a possible misclassification of the pubertal stage, 

especially in boys, was detected. We try to overcome this limitation by computing 

a global score of pubertal development using a empirical Bayes method from 

graded response model, as explained above. Third, we opted for a linear 

regression model since our outcome variables did not allow us to apply a 

mathematical longitudinal model (only two outcome observations). However, 

since the exposure was measured before the outcome, we were able to interpret 

the results longitudinally from an epidemiologic perspective. 

Nonetheless, this study had several strengths. First, the use of a prospective 

population-based birth cohort with extensive data collection on sociodemographic 

characteristics, food consumption, and anthropometric and pubertal 

measurements. Second, the study includes a large sample size of eligible 
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participants, enhancing its statistical power. Third, a large comprehensive 

database with dietary information was used to estimate exposure to food 

contaminants. Fourth, the AA exposure assessment accounted for inter-

individual and intra-individual variability. Fifth, the availability of 24-hour urine 

samples for a sub-sample of the GXXI cohort enabled a more accurate estimation 

of total daily BPA exposure. In fact, when combined with dietary data, this 

information allowed the construction of a random forest model, an approach 

rarely employed in previous research. Finally, the development of a global score 

of pubertal development, which integrated the different Tanner parameters, and 

enabled a more accurate interpretation of results by reducing errors of 

classification. 

 

In the past years, concerns regarding the potential effect of EDC exposure on 

adverse health outcomes related to puberty development have been raised 

(1,4,54). There is a plausible causal relation between the dysregulation of the 

sexual hormone system caused by dietary exposure to EDC, such as acrylamide 

and BPA, responsible for the increased adverse health outcomes and burden of 

diseases in future life stages. The findings of the present study highlight the 

importance of reducing daily exposure to both acrylamide and BPA in children 

and adolescents, as chronic intake was associated with adverse health effects, 

namely impaired puberty onset. We hope this knowledge will support public 

health researchers, food safety authorities, and policymakers to design updated 

guidelines, recommendations, and food policies to mitigate these risks. 

 

Conclusion 

Childhood and adolescent exposure to acrylamide and bisphenol A was 

associated with impaired timing of puberty onset. Higher exposure to acrylamide 

at 7, 10 and 13 years of age was negatively associated with pubertal development 

at 10 and 13 years in girls. A higher exposure to acrylamide at 13 years and a 

higher exposure to bisphenol A at 10 and 13 years were positively associated 

with precious pubertal development in boys. The combined exposure effect of 

acrylamide and bisphenol A did not significantly change the found associations. 

Further studies applying longitudinal models are needed to assess the exposure 
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effects of these food contaminants on pubertal development and reduce the 

uncertainties surrounding these associations. 
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Tables 

Table 1: General characteristics of the eligible participants, stratified by sex. 

 Girls 

(n = 2572) 

Boys 

(n = 2707) 

p-value 

Maternal age (years), mean (SD) 30.0 (6.3) 29.7 (6.2) 0.108 

Maternal education (years), mean (SD) 11.1 (4.3) 11.2 (4.3) 0.407 

Physical Activitya, n (%)    

4 years old 1788 (70.7) 1797 (67.9) 0.078 

7 years old 1660 (71.6) 1691 (68.8) 0.101 

10 years old 1415 (59.2) 1720 (68.1) <0.001 

13 years old 989 (51.2) 1362 (67.1) <0.001 

Total Energy Intake (kcal), mean (SD)    

4 years old 1562 (280.8) 1641 (301.6) <0.001 

7 years old 1711 (293.6) 1812 (313.4) <0.001 

10 years old 1855 (364.3) 1947 (396.1) <0.001 

13 years old 1759 (405.3) 1923 (445.9) <0.001 

z-BMI, mean (SD)    

4 years old 0.62 (1.10) 0.56 (1.06) 0.061 

7 years old 0.71 (1.14) 0.70 (1.22) 0.728 

10 years old 0.63 (1.21) 0.74 (1.25) 0.002 

13 years old 0.47 (1.13) 0.41 (1.22) 0.076 

Acrylamide, µg/kg bw/day, median (P25-P75)    

4 years old 0.76 (0.50, 1.11) 0.83 (0.56, 1,23) <0.001 

7 years old 0.63 (0.42, 0.89) 0.67 (0.45, 0.94) <0.001 

10 years old 0.58 (0.39, 0.85) 0.62 (0.41, 0.90) 0.002 

13 years old 0.41 (0.27, 0.60) 0.46 (0.30, 0.66) <0.001 

Bisphenol A, ng/kg bw/day, median (P25-P75)    

4 years old 69.3 (60.7, 79.0) 68.5 (61.1, 76.0) 0.03 

7 years old 50.2 (42.6, 57.8) 50.1 (43.8, 57.1) 0.81 

10 years old 35.7 (29.7, 41.9) 36.8 (30.5, 42.4) 0.006 

13 years old 24.4 (20.8, 28.4) 25.1 (21.0, 29.6) 0.002 

 

Abbreviations: n – sample size, % – percentage, SD – standard deviation, kcal – kilocalories, z-

BMI – body mass index z-score, µg – microgram, ng – nanogram, kg – kilogram, bw – body 

weight, P25 – 25th percentile, P75 – 75th percentile. 

Notes: a) Practice of leisure physical activity outside the school setting. p-values from the chi-

square test, Student's t-test or Mann–Whitney U test, as appropriate. 

Significant values are in bold. 
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Table 2: Pubertal development of participants at 10- and 13-years old, stratified 

by sex. 

 Girls  Boys  

 n % n % 

Pubic hair, 10 years     

Stage 1 984 45.8 1925 85.3 

Stage 2 689 32.0 278 12.3 

Stage 3 394 18.3 44 2.0 

Stage 4 80 3.7 8 0.4 

Stage 5 3 0.1 1 0.0 

Breast or genital ratinga, 10 years     

Stage 1 574 26.6 1658 73.4 

Stage 2 986 45.8 547 24.2 

Stage 3 501 23.3 45 2.0 

Stage 4 93 4.3 8 0.4 

Stage 5 0 0.0 1 0.0 

Axillary hair, 13 years     

Stage 1 111 22.6 746 39.0 

Stage 2 170 34.6 528 27.6 

Stage 3 128 26.0 406 21.2 

Stage 4 69 14.0 195 10.2 

Stage 5 14 2.8 37 1.9 

Pubic hair, 13 years     

Stage 1 9 0.5 261 13.3 

Stage 2 99 5.9 489 25.0 

Stage 3 543 32.3 592 30.3 

Stage 4 857 51.0 513 26.2 

Stage 5 172 10.2 102 5.2 

Breast or genital ratinga, 13 years     

Stage 1 32 1.6 25 1.2 

Stage 2 209 10.7 262 13.1 

Stage 3 706 36.2 481 24.0 

Stage 4 850 43.6 715 35.7 

Stage 5 152 7.8 521 26.0 

 

Abbreviations: n – sample size, % – percentage. 

Notes: a) Breast rating for girls or genital rating for boys. 
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Table 3: Association between acrylamide (µg/day) and bisphenol A (ng/day) 

exposure and the global score of pubertal development applying linear regression 

models, stratified by sex (β and 95% confidence interval (CI)). 

 Girls  Boys  

 Model 1 Model 2 Model 1 Model 2 

 β (95% CI) β (95% CI) β (95% CI) β (95% CI) 

AA    

4 years old 0.001 (-0.005, 0.007) -0.001 (-0.008, 0.005) 0.006 (0.000, 0.012) 0.002 (-0.004, 0.008) 

7 years old -0.004 (-0.009, 0.001) -0.007 (-0.013, -0.002) 0.003 (-0.001, 0.008) 0.001 (-0.004, 0.007) 

10 years old -0.005 (-0.008, -0.001) -0.006 (-0.010, -0.003) 0.000 (-0.003, 0.004) 0.000 (-0.004, 0.004) 

13 years old -0.005 (-0.008, -0.001) -0.005 (-0.009, -0.001) 0.004 (0.001, 0.007) 0.003 (0.000, 0.007) 

BPA    

4 years old 0.02 (-0.48, 0.52) 0.02 (-0.48, 0.52) 0.35 (-0.18, 0.88) 0.33 (-0.19, 0.86) 

7 years old -0.16 (-0.59, 0.27) -0.15 (-0.58, 0.28) 0.13 (-0.31, 0.57) 0.17 (-0.26, 0.61) 

10 years old -0.07 (-0.45, 0.31) -0.07 (-0.45, 0.31) 0.46 (0.03, 0.88) 0.46 (0.04, 0.88) 

13 years old -0.12 (-0.46, 0.22) -0.13 (-0.47, 0.21) 0.47 (0.14, 0.81) 0.49 (0.15, 0.82) 

AA+BPA     

4 years old, AA 0.000 (-0.005, 0.005) -0.001 (-0.007, 0.004) 0.005 (-0.001, 0.010) 0.002 (-0.004, 0.008) 

4 years old, BPA 0.02 (-0.48, 0.52) 0.03 (-0.48, 0.53) 0.33 (-0.20, 0.86) 0.33 (-0.20, 0.86) 

7 years old, AA -0.004 (-0.009, 0.001) -0.007 (-0.013, -0.002) 0.003 (-0.001, 0.008) 0.001 (-0.004, 0.006) 

7 years old, BPA -0.15 (-0.58, 0.28) -0.13 (-0.56, 0.30) 0.11 (-0.33, 0.55) 0.16 (-0.28, 0.60) 

10 years old, AA -0.004 (-0.007, -0.001) -0.005 (-0.009, -0.002) 0.000 (-0.004, 0.003) 0.000 (-0.004, 0.003) 

10 years old, BPA -0.08 (-0.46, 0.30) -0.07 (-0.45, 0.31) 0.46 (0.03, 0.88) 0.46 (0.04, 0.88) 

13 years old, AA -0.004 (-0.008, -0.001) -0.004 (-0.008, 0.000) 0.003 (0.000, 0.006) 0.002 (-0.001, 0.006) 

13 years old, BPA -0.13 (-0.47, 0.21) -0.13 (-0.47, 0.21) 0.47 (0.13, 0.81) 0.48 (0.14, 0.82) 

Abbreviations: β – regression coefficient, 95% CI – 95% confidence interval, AA – acrylamide; 

BPA – bisphenol A. 

Model 1: adjusted for participant’s exact age (at 10-year follow-up for girls and at 13-year follow-

up for boys), maternal age, maternal education, and cross-sectional practice of leisure physical 

activity. Model 2: adjusted for model 1 plus cross-sectional total energy intake (kcal). 

Significant values are in bold. 
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Supplemental material 

Table S1: Sociodemographic characteristics at baseline of the eligible 

participants and those of the remaining cohort. 

 Eligible participants 

(n = 5279) 

Remaining cohort 

(n = 3368) 

p-value 

Maternal age (years), mean (SD) 29.8 (5.2) 27.8 (5.9) <0.001 

Maternal education (years), mean (SD) 11.2 (4.3) 9.3 (4.0) <0.001 

Maternal smoking habits, n (%)   <0.001 

Smokers 1774 (33.8) 1481 (44.3)  

Non-smokers 3475 (66.2) 1864 (55.7)  

Child sex, n (%)   0.53 

Female 2572 (48.7) 1665 (49.4)  

Male 2707 (51.3) 1703 (50.6)  

Childbirth weight (g), mean (SD) 3146.3 (533.41) 3152.3 (545.69) 0.61 

Childbirth length (cm), mean (SD) 48.61 (2.54) 48.6 (2.57) 0.89 

Abbreviations: n – sample size, % – percentage, SD – standard deviation. 

Note: p-values from chi-square test or Student's t test, as appropriate. 

Significant values are in bold. 

  



Results 

192 

Table S2: Reliability analysis of Tanner scale parameters. 

 α med.r r.drop % miss 

Girls     

Pubic hair, 10 years 0.72 0.38 0.48 40 

Breast rating, 10 years 0.70 0.39 0.53 39 

Axillary hair, 13 years 0.69 0.31 0.57 87 

Pubic hair, 13 years 0.70 0.36 0.56 55 

Breast rating, 13 years 0.73 0.36 0.46 47 

Boys     

Pubic hair, 10 years 0.72 0.37 0.30 40 

Genital rating, 10 years 0.69 0.33 0.43 45 

Axillary hair, 13 years 0.58 0.30 0.63 50 

Pubic hair, 13 years 0.59 0.33 0.62 49 

Genital rating, 13 years 0.67 0.31 0.45 47 

 

Abbreviations and notes 

• α – raw alpha. Indicates the internal consistency to test if the items collectively measure 

a coherent construct. 

• med.r – median of inter-item correlations. Represents the median of the correlation 

coefficients between a specific item and all the remaining items in the scale. 

• r.drop – item-scale correlation after dropping the item. Measures the unique contribution 

of a specific item to the overall reliability of the scale 

• % miss – miss rates, measured through percentage of missing reports. 
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Table S3: Graded response model item parameter estimates. 

 a b1 b2 b3 b4 

Girls      

Pubic hair, 10 years 2.374 -0.166 0.848 2.191 3.689 

Breast rating, 10 years 3.273 -0.715 0.595 1.903 3.374 

Pubic hair, 13 years 1.039 -5.380 -3.144 -0.630 2.436 

Breast rating, 13 years 0.961 -4.999 -2.510 -0.151 2.845 

Boys      

Pubic hair, 10 years 1.208 1.807 3.540 5.218 7.612 

Genital rating, 10 years 2.360 0.769 2.511 3.435 4.604 

Pubic hair, 13 years 1.246 -1.885 -0.478 0.815 2.785 

Genital rating, 13 years 1.745 -3.316 -1.499 -0.397 0.892 

 

Abbreviations and notes 

• a – item’s discrimination (item slope). 

• b – Item threshold (item difculty). 
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Figure S1: Item operation characteristic curves. 

 Girls Boys 

Pubic hair, 10 years 

  

Breast or genital ratinga, 

10 years 
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Pubic hair, 13 years 

  

Breast or genital ratinga, 

13 years 

  

Notes: a) Breast rating for girls or genital rating for boys. 
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In this thesis, we tested the association between food contaminants exposure 

and the development of adverse metabolic outcomes in children and 

adolescents, focusing the exposure assessment on acrylamide and bisphenol A. 

In this context, the effect of acrylamide and bisphenol A exposure on pubertal 

development was also assessed. For that, we tested different methodological 

approaches to estimate the daily dietary exposure to these food contaminants. 

Data from two large well-designed epidemiologic studies was used. The present 

work included evidence from the population-based birth cohort Generation XXI 

and from the National Food, Nutrition and Physical Activity Survey of the 

Portuguese population. 

 

3.1. Summary of results 

To ensure food safety and to protect human health, the most accurate scientific 

evidence is needed to answer questions about the risk. Food contaminants are 

scientifically analysed in a food safety risk assessment to determine their 

potential to cause adverse health effects due to human dietary exposure to these 

hazards. The process allows a comprehensive evaluation of the risks that 

consumers may face, functioning as the scientific input for decision-making by 

risk managers and politicians. 

The methodology chosen to estimate the exposure assessment to food 

contaminants is essential, even more so if we are trying to capture the risk 

implicated in a real-world scenario. Taking this into consideration, we adopted a 

probabilistic methodology to assign the acrylamide occurrence values to each 

consumption occasion, and we evaluated the performance of different 

methodological approaches to estimate the exposure to BPA. 

Using dietary data from IAN-AF 2015-2016, collected through self-reported 

assessment instruments, and considering the maximum available data published 

by EFSA on acrylamide occurrence in food, an alternative methodology was 

designed to estimate the daily dietary exposure [Paper I]. Here, instead of using 

a single average value, three possible values representing the distribution of 

acrylamide occurrence in foodstuffs were randomly attributed to each food item 
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reported in the IAN-AF 2015-2016. Furthermore, 10 cycles of random attributions 

were performed to increase the variability, handle the uncertainties and ensure 

the achievement of a more realistic scenario. We believe that this approach 

improves the predictions, widening the range of exposure estimates by 

accounting for the intra and inter-individual variability, usually underestimated in 

the deterministic models. This hypothesis was corroborated by previous studies 

in which authors concluded that probabilistic models are one of the most suitable 

approaches for designing new public health guidelines and for exposure 

management purposes (30,149). Besides, following a more conservative 

approach, we used an upper-bound methodology for the risk assessment to 

characterise the worst-case exposure scenario. 

Thus, the estimated median dietary exposure to acrylamide for the general 

population was 0.38 µg/kg of body weight (bw)/day, with Portuguese children and 

adolescents being the age groups with higher acrylamide exposure and higher 

health concerns. Portuguese children aged 1 to 2 years old presented the higher 

median of dietary exposure, 0.75 µg/kg bw/day (95th percentile: 1.41 µg/kg 

bw/day), followed by children of 3 to 9 years with 0.69 µg/kg bw/day (95th 

percentile: 1.32 µg/kg bw /day) and adolescents of 10 to 17 years with 0.54 µg/kg 

bw/day (95th percentile: 1.07 µg/kg bw /day). Regarding risk characterisation, for 

peripheral neuropathy, MOE values exceeded 125 for all percentiles of exposure 

and all age groups, indicating no public health concerns related to neurotoxicity 

in the Portuguese population. All MOE values were largely below 10,000 for 

neoplastic effects, regardless of the exposure percentile or age group, indicating 

a real public health concern for the Portuguese population. However, childhood 

and adolescence represent a critical window to hazard exposures, as they are 

still growing and changing, making these particularly vulnerable age groups of 

the population (150,151). Effectively, the higher exposure of food contaminants 

relative to body weight and the immature metabolic system or key organs 

underscores the importance of minimising exposure at this life stage to prevent 

the development of future adverse health outcomes. 

These results were in accordance with previous studies. In France and Ireland, 

the dietary acrylamide exposure in the children was very similar to that in our 

study (152,153). A sample of French children aged 12 to 36 months had a mean 
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acrylamide exposure of 0.74 µg/kg bw/day (90th percentile:1.66 µg/kg bw/day) 

(152), and in Irish children, the mean of dietary acrylamide exposure was 0.71 

µg/kg bw/day (97.5th percentile:1.42 µg/kg bw/day) (153). On the other hand, 

compared to EFSA exposure estimates for Europe, our assessment presented 

lower values of dietary acrylamide exposure. For toddlers, the exposure to 

acrylamide was 1.4 µg/kg bw/day (95th percentile: 2.4 µg/kg bw /day) across 

European surveys, while for other children and adolescents was 1.2 µg/kg bw/day 

(95th percentile: 2.3 µg/kg bw /day) and 0.7 µg/kg bw/day (95th percentile: 1.4 

µg/kg bw /day), respectively (14). Nevertheless, direct comparison between 

studies is difficult due to differences in study designs and methods used to assess 

dietary intake. Usually, even considering lower and upper-bound scenarios, 

studies apply deterministic approaches, which may not represent the distribution 

of acrylamide exposure, especially in the population groups with extreme 

percentiles of consumption (149). 

Finally, this paper identifies the associated factors and food contributors to 

acrylamide dietary exposure by age group. For Portuguese children and 

adolescents, the most important food groups for acrylamide exposure were 

bread, cookies and breakfast cereals, in line with previous findings in other 

countries. These results will be fundamental in the future for the definition and 

prioritisation of strategies to reduce contact with this food contaminant, targeting 

population settings, assessing the effectiveness of food policies and designing 

new food safety-health promotion interventions. 

 

Given the diversity found by using different exposure assessment methods, we 

tested three methodological approaches to estimate daily BPA exposure [Paper 

II]. For that, we used data from self-reported dietary assessment methods and 

the urinary concentration of BPA. In the first method, the traditional deterministic 

approach, considering the upper-bound scenario, was followed to estimate the 

daily dietary exposure to BPA by merging the food consumption data with the 

occurrence data of BPA in food groups. In the second and third methods, dietary 

information, namely food groups and the packaging material reported, and 

urinary BPA concentration from a sub-sample were combined to develop a 

regression tree model and a random forest. Both methods were then used to 
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predict the daily exposure to BPA in the remaining sample. Our findings 

suggested that random forest was the best methodology to estimate the daily 

exposure to BPA. 

Furthermore, the traditional approach proved less accurate in estimating daily 

BPA exposure, with median values in adolescents being 5 to 6 times higher than 

those measured in urine. Specifically, the median daily dietary BPA exposure in 

adolescents was 79.1 ng/kg bw/day using the traditional method, whereas the 

random forest approach yielded a lower value of 31.6 ng/kg bw/day. In addition 

to our traditional approach estimates not always aligning with previous studies 

(114,154,155), the findings suggest that this method may overestimate daily 

dietary BPA exposure compared to urinary measurements, raising concerns 

about the validity of this widely used methodology. Despite the methodological 

approach, 99.9% of the participants had exposure levels exceeding the TDI of 

0.2 ng/kg bw/day (56), highlighting a potential public health concern among 

adolescents. 

To the best of our knowledge, this was the first study testing three different 

methodological approaches to estimate daily BPA exposure. Addicitionally, this 

is a pioneer study that uses data from food consumption and 24-hour urinary 

excretion in the same methodological approach. Combining both information, we 

intend to develop a more precise and accurate model reflecting real-world 

exposure. Moreover, we demonstrated that by applying a random forest 

methodology the estimation of BPA daily exposure for the remaining sample or 

population is possible, even with a limited number of 24-hour urine samples. 

Previous research on human exposure to food contaminants, such as BPA, 

typically focused on traditional deterministic exposure assessments (i.e., food 

consumption merged with contaminant occurrence) or urinary measurements 

rather than integrating data from both direct and indirect methods. No studies 

evaluated the performance of different methodological approaches to estimate 

exposure to food contaminants, making it difficult to compare our results. 

Recently, a European study has shown that random forest outperforms linear 

regression in predicting serum vitamin D levels using dietary and lifestyle data 

(156). Besides that, random forest has been used in different settings, for 

example, to predict the serum concentrations of per- and polyfluoroalkyl 
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substances for women in late pregnancy considering individual food data, 

demographic parameters and serum fatty acids (157), to analyse trends in 

cadmium exposure based on environmental and socio-economic factors (158) or 

to test the parameters that influence the occurrence of arsenic in rice grains (159). 

 

After defining the exposure assessment methodology, we longitudinally 

performed a risk assessment, considering data from the GXXI birth-cohort. Lastly, 

we tested the longitudinal association of food contaminants exposure with health 

outcomes from childhood to adolescence. 

Our findings showed that the median dietary exposure to acrylamide ranged from 

0.44 µg/kg bw/day at 13 years old (95th percentile: 1.04 µg/kg bw/day) to 0.79 

µg/kg bw/day at 4 years old (95th percentile: 1.92 µg/kg bw/day) [Paper III]. The 

MOE values for peripheral neuropathy indicate no public health concern. 

However, for neoplastic effects, MOE was significantly below the safety threshold 

of 10,000 across all exposure levels and from childhood to adolescence, 

indicating a public health concern for genotoxic and carcinogenic risks among 

GXXI participants. 

To the best of our knowledge, this was the first prospective study assessing the 

effects of acrylamide daily dietary exposure on cardiometabolic outcomes from 

childhood to adolescence. We found a positive longitudinal association between 

acrylamide exposure and higher waist circumference, fat mass percentage, and 

blood glucose levels. For blood insulin and insulin resistance, only a significant 

cross-sectional association was found. In the opposite direction, a negative 

longitudinal association was found for body mass index z-score, cholesterol, and 

blood pressure. Consistent with our study, different authors reported 

controversial results regarding the association between acrylamide exposure and 

cardiometabolic outcomes (90–93). Nevertheless, no studies have tested the 

relationship between food contaminant exposure and health outcomes during 

childhood and adolescence, with most of the previous results being performed in 

adults of the general population under cross-sectional designs. Moreover, this 

type of association was usually tested with the total acrylamide exposure 
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measured through blood biomarkers, such as haemoglobin adduct of acrylamide 

or haemoglobin adduct of glycidamide. 

The variability in our results highlights the importance of interpreting these studies 

with caution. We may hypothesise that the effects of dietary acrylamide on 

cardiometabolic health are complex and may be influenced by multiple factors. In 

fact, it is widely accepted that the development of cardiometabolic disorders is 

related to multifactorial causes, including lifestyle behaviours, food consumption 

and environmental hazardous exposure (160). Thus, and despite the proper 

adjustment for possible confounders, it is not possible to conclude, without 

uncertainty, that dietary acrylamide exposure by itself is responsible for 

abnormalities in cardiometabolic outcomes from childhood to adolescence. 

 

The absolute mean daily exposure to BPA ranged from 1229 to 1295 ng/day at 4 

years and 10 years old, respectively [Paper IV], without significant differences, 

comparing eligible and non-eligible participants. At 4 years of age, the median 

BPA daily exposure was 68.8 ng/kg bw/day (95th percentile: 90.6 ng/kg bw/day), 

while at 13 years old was 24.7 ng/kg bw/day (95th percentile: 36.3 ng/kg bw/day). 

According to these exposure values, and assuming that food and beverages are 

the primary sources of BPA exposure in children and adolescents, 99.9% of the 

participants presented an exposure above the TDI of 0.2 ng/kg bw/day (56), 

which may indicate a public health concern at these ages. 

Our study is one of the few prospective studies testing the association between 

BPA daily exposure (combining data from self-reported dietary assessment 

methods and urinary metabolites) and cardiometabolic outcomes, and the first 

performed from 4 to 13 years of age. A longitudinal positive association was found 

between BPA exposure and higher blood insulin levels, insulin resistance, fat 

mass percentage, waist circumference, and z-BMI. Our findings provided 

relevant scientific outputs to address some uncertainties raised in the past since 

previous studies failed to find a longitudinal association between exposure to BPA 

and cardiometabolic outcomes, at different time points of young ages 

(65,121,161,162). Additionally, these studies used spot urine samples to estimate 

BPA exposure, whereas our study combined data from 3-day food diaries and 
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BPA concentration in 24-hour urine samples to develop a random forest model 

to predict daily exposure to BPA. Lastly, we concluded that early BPA exposure 

may impair cardiometabolic outcomes later in life, highlighting the urgent need to 

reduce global daily exposure to this food contaminant. 

 

Finally, the association of acrylamide and BPA exposure, individually and 

combined, on pubertal development was tested in children and adolescents aged 

4 to 13 [Paper V]. In the scope of this study, pubertal development was assessed 

at ages 10 and 13 using the Tanner scale, a standardised method for evaluating 

sexual maturation. With these data, a global score of pubertal development at 10 

and 13 years old was created using empirical Bayes method from graded 

response models. This model assumes that item discrimination is unequal across 

all items and that differences between each response category are not the same 

across all items. Thus, a global score of pubertal development was computed, 

encompassing the different items of the Tanner scale rather than focusing on a 

single item. 

A negative association was found between individual acrylamide exposure at 7 

years (-0.007 (95% CI: -0.013, -0.002)), 10 years (-0.006 (95% CI: -0.010, -

0.003)) and 13 years (-0.005 (95% CI: -0.009, -0.001)) and a higher pubertal 

development global score in girls. On the contrary, there was a positive 

association for individual acrylamide exposure at 13 years (0.003 (95% CI: 0.000, 

0.007)) in boys. Regarding individual BPA exposure, a significant positive 

association with a higher pubertal development global score was found only in 

boys for exposures at 10 and 13 years of age. Testing the combined exposure in 

the model did not significantly change the results observed for the individual 

exposure to each food contaminant. 

To the best of our knowledge, this is the first study assessing the association 

between food contaminants exposure, estimated through collected dietary 

information, and a global score of pubertal development computed using the 

Tanner scale data. Moreover, this study followed a prospective and cross-

sectional epidemiological design to the extent that the exposure was measured 

before or at the same time as the outcome was assessed. The previous 
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epidemiological evidence on the association between acrylamide and BPA 

dietary exposure and impaired pubertal development in humans is limited and 

contradictory. Some studies were in line with our results, showing a negative 

association between acrylamide exposure and pubertal development in girls, and 

a positive association of acrylamide and BPA exposure with pubertal 

development in boys  (101,102,163). Moreover, aligned with our findings, a meta-

analysis of studies including female participants found no significant association 

between BPA exposure and pubertal development (126). However, other authors 

did not find significant associations between exposure to acrylamide and 

impaired pubertal development (101,103,104); the same was observed for BPA 

exposure (128,164,165,165,166). 

Considering the methodological differences, the comparison of the present 

findings with previous studies should be made with caution. Most of the studies 

estimated the exposure using spot urine or blood samples, which may not 

represent the usual chronic dietary exposure to these food contaminants. Many 

studies assessed pre-natal exposure rather than post-natal exposure, especially 

for BPA. Regarding pubertal development, most of the previous research 

explored one single parameter or measured sex hormones in the blood to 

determine the pubertal stage. Finally, the potential confounders chosen also 

differed across studies. 

There is a plausible causal relationship between the dysregulation of pubertal 

development due to exposure to acrylamide and BPA, and our findings further 

support this theory, underscoring the importance of reducing daily exposure to 

these compounds in children and adolescents. 

 

3.2. Limitations and strengths 

The thesis presents some potential limitations that cannot be disclosed. First, the 

eligible participants of the GXXI cohort may have introduced some selection bias. 

The mothers in our sample were slightly older and more educated compared to 

the remaining participants. However, Cohen’s effect size values in each paper 

were relatively low, indicating that these differences were more likely attributable 
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to the large sample size rather than relevant differences between participants. 

Second, the misreporting of food consumption and the missing of packaging 

materials information represent a potential limitation, influencing the observed 

relationship between food contaminants exposure and health outcomes. To 

overcome this limitation, several days of dietary information were used in all 

papers. Even though, considering that usually under-report is more frequent than 

over-report (34) and given the statistically significant results that were found in 

our sample, we can hypothesise that the effects observed in young consumers 

of the general population would probably be even more pronounced. Third these 

results may not accurately reflect current levels, as the occurrence database was 

compiled before 2015. Furthermore, considering that in 2017, the European 

Commission (EC) introduced a Regulation establishing mitigation measures and 

benchmark levels to reduce acrylamide occurrence in foods, we may hypothesise 

that this exposure started to decrease after this time mark. Nevertheless, without 

studies assessing this Regulation's effectiveness and re-evaluating the risks to 

public health related to the presence of acrylamide in foodstuffs, the extent to 

which industries and producers have responded to this Regulation may be 

questionable. Fourth, the application of an upper-bound scenario approach may 

overestimate the exposure to food contaminants. However, we decided to follow 

a more conservative approach to assess the worst-case scenario for consumers. 

Fifth, although our papers utilised a longitudinal design, its observational nature 

prevents direct causal inferences. Even though the exposure of interest was 

measured early in life, prior to the outcomes, enabling us to account for the 

temporality of the associations. 

The main strength of this thesis is the inclusion of data collected from a 

prospective population-based birth cohort and from a representative sample of 

the Portuguese population. These studies supported a robust and 

comprehensive database, enabling detailed characterisation of individuals and 

their behaviours. First, considering the information from a cross-sectional sample 

of a prospective population-based birth cohort and from a national survey, it was 

possible to define exposure assessment methodologies and perform an overall 

descriptive analysis. Then, to address the existing knowledge gap, data from the 

prospective GXXI birth cohort was used to assess the longitudinal associations 
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between food contaminants exposure and health outcomes from childhood to 

adolescence. For both samples, dietary information was collected through a 

standardised European methodology. Different methodological approaches were 

used for the exposure assessment, which represents another important strength. 

A probabilistic method was applied to estimate acrylamide dietary exposure, 

considering the uncertainties of intra- and inter-variability, whereas direct and 

indirect methods were used to estimate BPA exposure. These approaches were 

rarely applied in previous studies, especially considering that BPA urinary 

concentration was measured in 24-hour urine samples instead of spot samples. 

With the application of the random forest method developed in the scope of this 

thesis, it was possible to estimate BPA daily exposure for the remaining 

sample/population, even with a relatively small number of urine samples. Finally, 

the use of combined exposures rather than only single exposures to test the 

association with impaired pubertal development. 

 

3.3. Public health implications and future research 

With the results of the present thesis, we try to fill the knowledge gap regarding 

the effect of food contaminants exposure on health outcomes from childhood to 

adolescence. We expect that our findings will contribute to reducing the 

uncertainties previously identified by other authors and by different food safety 

authorities. 

Firstly, data from IAN-AF show that exposure to acrylamide in more than 99.9% 

of Portuguese children and adolescents presented a significant public health 

concern regarding neoplastic effects. In children and adolescents from GXXI, 

BPA exposure largely exceeded the TDI of 0.2 ng/kg bw/day proposed by ESFA 

in 2023. 

Secondly, although the mechanisms linking exposure to food contaminants with 

adverse health outcomes are not completely understood, and the time required 

for the disease’s manifestation usually prevents us from detecting these effects 

at young ages, our results show several adverse associations that cannot be 

ignored. Furthermore, some of the observed associations were longitudinal 
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proving that early exposures influence the development of diseases in future 

stages of life. 

For acrylamide exposure, the results may appear somewhat contradictory across 

the various cardiometabolic outcomes. On the one hand, positive longitudinal 

associations were found between acrylamide exposure with higher blood glucose 

levels, blood insulin, insulin resistance, waist circumference, and fat mass 

percentage. On the other hand, negative longitudinal associations were found for 

cholesterol, blood pressure, and body mass index z-score. According to the mode 

of action tested in animal models, it is plausible that acrylamide may act as an 

endocrine disruptor, impairing the balance of cardiometabolic biomarkers. 

However, studies performed in humans, such as the present one, failed to find a 

clear effect of this food contaminant on metabolic health. This could be attributed 

to the fact that dietary acrylamide exposure is integrated into our typical food 

patterns, and the food sources containing this contaminant also provide other 

compounds related to health benefits. And, effectively, when we look at the 

results from the paper I, the main contributor to acrylamide exposure in 

Portuguese children and adolescents was “bread and rusk”, an important fibre 

source (42). According to a previous study performed in GXXI, fibre intake was 

inversely associated with adiposity measures, namely z-BMI (167), which 

corroborates our hypothesis regarding the effect of a combination of acrylamide 

and food compounds. 

A clearer effect was found regarding BPA exposure. From 4 to 13 years of age, 

higher exposure to this food contaminant was longitudinally associated with 

higher blood insulin levels, insulin resistance, fat mass percentage, waist 

circumference, and body mass index z-score. Thus, our study brought new 

insights showing that a higher early BPA exposure in humans can impair 

metabolic outcomes later in life. 

Lastly, combining both food contaminants as a representation of real-world 

exposure, we concluded that acrylamide and BPA impaired the timing of puberty 

onset, especially at 10 and 13 years of age. Although they do not share the same 

sources, given the dietary patterns of each country and ours in particular, 

combined exposure to these two contaminants is expected by considering the 

food consumption scenario holistically (for example, consumption of tuna 
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sandwiches, hot dogs or other types of sandwiches; canned beverages paired 

with other acrylamide-rich foods, such as French fries; canned pulses and 

sausages as the principal protein source of the meals, etc). 

The simplistic idea that an energy-imbalanced diet is the main cause of obesity, 

cardiometabolic, and endocrine disorders has been widely refuted in the scientific 

community (168). Foods and beverages are much more than just energy and 

nutrients, and their combination in a dietary pattern is determinant for exogenous 

hazardous exposure, especially in critical time windows such as childhood and 

adolescence. Several epidemiological and experimental animal studies 

concluded that early exposures influenced the life-long susceptibility of metabolic 

disorders in adulthood, regardless of individuals’ nutritional status (168). 

According to the WHO Global Health Observatory data repository (169), 31.6% 

of children aged 5 to 9 years and 26.1% of adolescents aged 10 to 19 years 

worldwide are affected by overweight or obesity. In Europe, this prevalence 

increases to 35.5% in children and 29.2% in adolescents. Globally, in 2019, 

almost 18 million deaths were attributed to cardiovascular diseases and 2 million 

to diabetes mellitus. The proportion of premature deaths due to non-

communicable diseases in 2019 was 41.8% in the globe and 29.8% in Europe 

region. In Portugal, the total economic burden of overweight and obesity 

amounted to 1,147 million euros, with the majority of costs attributed to obesity-

related diseases and only 1% associated with the direct treatment of obesity itself. 

Cardiovascular diseases, along with type II diabetes, were the largest 

contributors to this burden, accounting for over 83% of the total economic impact 

(170). Nevertheless, in addition to the direct healthcare costs, non-communicable 

diseases in adults incur significant indirect costs, including reduced workplace 

productivity, increased workers' compensation claims, and lower earnings (69). 

Besides, hormonal disruption and impaired pubertal onset also contribute to an 

increase in the disease burden by elevating the risk of arterial hypertension, 

diabetes, obesity, infertility, poor self-esteem, and psychosocial distress later in 

life (171). 

Thus, it becomes clear that adverse health outcomes have a relevant implication 

not only for the individual but also for society and for the economy (69), especially 

when they are initiated at younger ages. In this line, the EC implemented food 
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policies to protect consumers from exposure to ubiquitous food contaminants 

such as acrylamide and bisphenol A. Moreover, based on the most recent 

evidence, different public health agencies continuously monitor human exposure 

to food contaminants, update the safety levels and provide this information to the 

general population (86,172). However, the effectiveness of these measures has 

not yet been evaluated. 

In fact, the available data on acrylamide occurrence in food after the adoption of 

Regulation No 2017/2158 (48) is very limited, and the EC adopted, in 2019, the 

Recommendation 2019/1888 setting a new non-exhaustive list of food products 

that must be monitored by the authorities of the Member States (173). This list 

includes potato products, bakery products, and cereal products, among other 

foodstuffs such as vegetable crisps/fries, roasted nuts, roasted oilseeds, cocoa 

products, caramels and nougats, and aimed to enable the quick identification of 

the risk to adopt new strategies to prevent or reduce the exposure to this food 

contaminant. However, the methods used to measure acrylamide concentration 

in foodstuffs are expensive and time-consuming (86), which may hinder the 

complete implementation of these documents by the Member States. Data from 

the Human BioMonitoring for the European Union study (HBM4EU), including 

samples of children, adolescents and adults, show a significant increase in 

exposure levels of acrylamide until 2017, with Portugal and Italy being the 

countries with the highest mean exposure values (46). After 2017, the authors 

found a significant change in the time-dependent slope of acrylamide exposure, 

which may indicate the beginning of a reduction in exposure to this food 

contaminant as a result of the EC measures (46). Nevertheless, due to the limited 

available data considering the short time since implementation, these results 

should be interpreted with caution, as it is not yet possible to draw definitive 

conclusions about the efficiency and effectiveness of such measures. Indeed, 

according to Portuguese data from 2018, a large proportion of bread samples 

presented an acrylamide concentration above the indicative values established 

by the EC (174), a trend also observed in other countries and across a wide range 

of food products, for example, bakery products, biscuits and potato products 

(175–178). 
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Concerning BPA exposure from biomonitoring data, a Swedish study found 

significantly decreasing temporal trends between 2009 and 2014 (179), which 

may be attributed to the proactive measures taken by food industries to eliminate 

this contaminant from their FCM, coupled with the implementation of food safety 

policies (54,63,64). The same decreasing temporal trend was also found in 

different worldwide studies, namely for children and adolescents from NHANES 

2005-2016 (66) and Japanese school children between 2012 and 2017 (65). 

Nonetheless, the occurrence of BPA in food commodities marketed in Europe 

slightly lowered compared to the past (180), a result also found in different 

Canadian canned foods (181). As for acrylamide, there is a lack of evidence 

assessing the effectiveness of these measures, considering that the obligation to 

monitor BPA levels in foods and beverages and the transmission of these data to 

international food safety authorities, such as EFSA, remains in the Member 

States. Furthermore, the current exposure to BPA remains several times above 

the updated safety values proposed by EFSA in 2023, which represents an urgent 

public health concern that needs to be addressed. This issue becomes 

particularly important if we consider that, in recent years, the efforts of food 

industries have not been limited to reducing BPA in FCM, but also to replacing it 

with analogues (180), whose effects in humans were poorly studied but are 

hypothesised to be similar to those resulting from BPA exposure 

(62,179,182,183). 

Considering all this knowledge, EC approved a new Regulation 2024/3190 very 

recently, which is expected to be in force at the end of January 2025 (67). This 

Regulation prohibits the use of BPA in FCM and related articles. Other bisphenols 

and bisphenol derivatives are also banned from being used in the BPA 

replacement until EFSA performs an updated risk assessment. However, this 

Regulation represents a substantial challenge for FCM industries, since the 

substitution of BPA is quite complex. BPA has been a key component in the 

production of FCM and articles for several decades, serving a wide range of 

applications that remain prevalent across the European Union. Moreover, with 

the established transition period, we expect that the occurrence of BPA in food 

will persist in the near future, making it necessary to conduct a thorough 
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assessment of the effectiveness of this measure’s implementation after 18 

months while reassessing consumers' dietary exposure. 

In light of the current evidence found in the present thesis and considering the 

uncertainties pointed out in the discussion section, future perspectives should be 

focused on reducing exposure to food contaminants, namely acrylamide and 

bisphenol A, with intervention programs and/or communication risk actions 

targeted to children, adolescents and their main caregivers, as well as food 

industries and local producers. 

Despite the widespread reliance and convenience of ready-to-eat and processed 

food commodities, a raised awareness is needed to sensitise the general 

consumer about the presence of food contaminants. In the past few years, 

different authors concluded that the consumption of ultra-processed foods was 

an important source of exposure to acrylamide (184), whereas the consumption 

of minimally processed foods was associated with lower exposure to bisphenol A 

(185). Thus, the key message to consumers must be to advise them to make 

better food choices, such as selecting fresh and unpackaged foodstuffs or 

prioritising foods packaged in glass, reading the labels, and following the 

recommended storage conditions. 

Individual dietary pattern is a modifiable factor that critically accelerates or delays 

the development of adverse health outcomes. Without changing our culture, diet 

safety and quality may be improved to reduce exposure to food contaminants. At 

home and back to our origins, people should use mild cooking temperatures, 

adopting boiling, stewing, casseroles, and braising as cooking methods over 

roasting and frying. Burning surfaces must be avoided by the consumers, and 

some moisture must be added to oven dishes. 

Food industries should continue to make efforts to reduce the occurrence of 

acrylamide and bisphenol A in food and beverages by following the EC 

Regulations, protecting consumers from the rise of adverse health consequences 

later in life. The European example may eventually be followed by other countries 

worldwide, as they observe the recently implemented mitigation measures and 

policies and adopt them within their communities, safeguarding the health of their 

consumers. 
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Finally, future research evaluating the effectiveness of mitigation measures and 

food policies is needed for acrylamide and bisphenol A. It is essential to monitor 

the occurrence of these contaminants in food products available on the market, 

updating the exposure assessment and the risk characterisation to consumers. 

Additionally, the following risk assessment studies, estimating other food 

contaminants, should follow probabilistic models or combine data from food 

contaminants biomarkers and self-reported dietary information. Given the diet 

complexity and the real-world hazardous exposure, our findings suggest that 

toxicological studies with longitudinal designs, considering mixtures of food 

contaminants rather than single exposures, are needed in the near future. The 

black box of foodomics and the questions surrounding the effects of epigenetic 

modifications represent a significant unexplored frontier, offering vast 

opportunities for those interested in nutritional epidemiology. 

The simplistic perspective with which we interpret the expression of Jean Brillat-

Savarin, “Dites-moi ce que vous mangez et je vais vous dire ce que vous êtes”, 

may be blurred in certain ways. In fact, the role of diet in human health extends 

far beyond the apport of energy and nutrients. Only a small part of the food matrix 

compounds was already discovered and described, and we are not sure about 

the interactions of the different constituents from a dietary pattern. But perhaps 

this expression is not so far from the truth after all. Indeed, humans are complex 

organisms integrated into an equally complex and dynamic system that involves 

different dimensions. The role of risk factors in the manifestation of disease is not 

so straightforward and is strongly influenced by other aspects, such as genetic, 

psychological, environmental, and social factors. Therefore, perhaps we truly are 

a reflection of what we eat: complex and not simplistic individuals, much like our 

diet, which is also complex and far from simplistic. 
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The present thesis found an association between food contaminants exposure, 

namely acrylamide and bisphenol A, and the development of adverse metabolic 

outcomes from childhood to adolescence. 

Different methodological approaches were used to estimate the exposure to food 

contaminants. For acrylamide, a probabilistic approach considering self-reported 

dietary information was used. For bisphenol A, three methodological approaches 

were tested. Random forest, combining self-reported dietary data and urinary 

metabolites concentration, was the best methodology to estimate the daily 

exposure to this food contaminant. Additionally, we showed that even with a 

relatively small number of 24-hour urine samples, it is possible to predict the daily 

exposure to BPA for the remaining sample or population by applying the random 

forest methodology, presenting a relevant insight from this thesis. 

Regarding risk assessment, the current exposure to acrylamide and bisphenol A 

in children and adolescents indicated a public health concern since it largely 

exceeds the values or the margins considered safe. 

Positive longitudinal associations were found between acrylamide exposure and 

higher blood glucose levels, blood insulin, insulin resistance, waist circumference 

and fat mass percentage. In the opposite direction, a negative longitudinal 

association was found for cholesterol, blood pressure and body mass index z-

score. 

From 4 to 13 years of age, a longitudinal positive association was found between 

BPA exposure and higher blood insulin levels, insulin resistance, fat mass 

percentage, waist circumference, and body mass index z-score. 

Higher exposure to acrylamide at 7, 10 and 13 years of age was negatively 

associated with pubertal development at 10 and 13 years in girls. A higher 

exposure to acrylamide at 13 years and a higher exposure to bisphenol A at 10 

and 13 years were positively associated with precious pubertal development in 

boys. The combined exposure effect of acrylamide and bisphenol A did not 

significantly change the found associations. 
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Future studies are needed to evaluate the effectiveness of mitigation measures 

and assess the exposure to other food contaminants. From the public health 

perspective, combined efforts should be taken to reduce the occurrence of food 

contaminants in food products and to change the dietary patterns of consumers, 

especially for the major contributors and mainly targetted children, adolescents, 

and their main caregivers. 
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