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A B S T R A C T   

Acrylamide (AA) is an organic contaminant that naturally forms in starchy foods during high-temperature 
cooking under low-moisture conditions. It is mainly produced from the sugars and amino acids present in 
food by the Maillard reaction. When humans are exposed to AA, AA is eliminated in the urine as mercapturic acid 
conjugates, primarily including N-acetyl-S-(2-carbamoylethyl)-L-cysteine (AAMA), N-acetyl-S-(2-carbamoyl-2- 
hydroxyethyl)-L-cysteine (GAMA3), and N-acetyl-3-[(3-amino-3-oxopropyl)sulfinyl]-L-alanine (AAMA-Sul), 
which are used as exposure biomarkers of AA in human biomonitoring studies. Although the carcinogenic effects 
of AA on humans have not been demonstrated yet, some studies have shown that AA may negatively affect 
children’s health. 

The main objective of this study was to evaluate the exposure of Spanish children (n = 612) to AA. For this 
purpose, the levels of AAMA, AAMA-Sul, and GAMA3 in first-morning urine samples were analyzed by “dilute 
and shoot” and liquid chromatography coupled to tandem mass spectrometry. The three metabolites were 
detected in all the children involved in this study in the following order (geometric mean (GM)): AAMA (79 ng 
ml−1) > AAMA-Sul (28 ng ml−1) > GAMA3 (18 ng ml−1). Statistical analysis suggested that the intake of fried 
potato products and biscuits could be associated with higher levels of AA metabolites in urine. Estimated daily 
intakes of AA in the children under study were in the range of 1.2–1.5 μg AA⋅kg-body weight−1⋅day−1 (GM). Risk 
assessment calculations indicate that the health risk of AA exposure cannot be overlooked and the exposure of 
Spanish children to AA should be closely monitored.   

1. Introduction 

Acrylamide (AA) is a volatile contaminant with various industrial 
applications and has been classified as a “probable human carcinogen” 
(Group 2A) by International Agency for Research on Cancer (IARC) 
(HBMAEB, 2C19aD IARC, 199A). 

In 2CC2, the discovery of the formation of AA in carbohydrate-rich 
foods at temperatures above 12C ◦C and under low-moisture condi-
tions (for example, during frying, roasting, and baking) via the Maillard 
reaction had attracted significant attention of the scientific society and 
public health authorities (WHO, 2CC2). In fact, the general population is 

exposed to AA mainly through the consumption of potato crisps, French 
fries, bakery products (bread and biscuits), and coffee (EFSA, 2C15) 
because of their composition, processing conditions, or high consump-
tion frequency (Rifai and Saleh, 2C2C). 

Although there are some non-dietary sources, such as tobacco smoke, 
diet is speculated to be the main source of AA exposure in the non- 
smoking population (EFSA, 2C15D Rifai and Saleh, 2C2C). Conse-
quently, national food authorities in the European Bnion countries are 
continuously monitoring the presence of AA in certain food commodities 
following the Recommendation 2CC7E331 of the European Commission 
(European Commission, 2CC7). In 2C15, based on the abovementioned 
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data, the Scientific Panel on Contaminants in the Food Chain (CONTAM 
Panel) of the European Food Safety Authority (EFSA) published a sci-
entific opinion assessing the risk associated with the exposure of Euro-
pean citizens to AA (EFSA, 2C15). However, this approach has two 
primary disadvantages: i) it only considers dietary intake and does not 
include other possible routes or sources of AA exposure and ii) the 
presence of AA in food may not reIect the actual uptake of AA by the 
human body, since it depends not only on individual eating habits in 
terms of cooking methods, portion size and frequency of consumption 
(Timmermann et al., 2C21), but also on the protein content of each in-
dividual diet (Schabacker et al., 2CCA). A complementary and more 
suitable alternative for evaluating human exposure to AA and the risk 
associated with it could be human biomonitoring (HBM). This approach 
facilitates an accurate calculation of the internal dose of AA and con-
siders all pathways (namely, inhalation, ingestion, and dermal contact) 
of AA exposure by measuring the levels of AA metabolites in biological 
matrices such as urine and blood (Louro et al., 2C19). 

After the absorption of AA by the human body, AA is distributed to 
all tissues and rapidly metabolized via one of the following two path-
ways: i) it may react with glutathione and produce the mercapturic acid 
2-acetyl-S-(2-carbamoylethyl)-L-cysteine (AAMA) or ii) it may be 
oxidized to glycidamide (GA) by cytochrome PA5C (Jocadağli and 
Gökmen, 2C16D Rifai and Saleh, 2C2C). GA can be further hydrolyzed to 
glyceramide (2,3-dihydroxypropionamide) by an epoxide hydrolase 
(Albiach-Helgado et al., 2C22D Hartmann et al., 2C11), and can also 
conjugate with glutathione to form 2-acetyl-S-(2-carbamoyl-2-hydrox-
yethyl)-L-cysteine (GAMA3), which are then excreted in the urine 
(Jocadağli and Gökmen, 2C16D Rifai and Saleh, 2C2C). Additionally, 
AAMA can be oxidized to its corresponding sulfoxide, generating 
acetyl-3-[(3-amino-3-oxopropyl)sulfinyl]-L-alanine (AAMA-Sul). 

The three mercapturic acids are the major urinary metabolites of AA, 
which have been proposed as suitable biomarkers of short-term expo-
sure to AA in HBM studies (Hays and Aylward, 2CC8D Jocadağli and 
Gökmen, 2C16). 

Generally, very few HBM studies have been reported on internal AA 
exposure in humans, specifically, those belonging to vulnerable groups, 
including infants and young children, which are of special concern as 
they need more food, water, and air per kilogram of body weight (kg- 
bw) as compared to the cases of adults, resulting in a higher exposure of 
these groups to AA (Hartmann et al., 2CC8D Mielech et al., 2C21). 
Although there is no evidence of neoplastic effects of AA on humans 
(EFSA, 2C15), two studies conducted in several European populations 
have shown that AA intake may negatively affect the development of 
children (Huarte-Salles et al., 2C13D Pederson et al., 2C12). Other health 
conditions, such as cardiovascular diseases (Hsu et al., 2C2C) and 
oxidative stress damage (Juang et al., 2C21D Kian et al., 2C21), have also 
been associated with the exposure of this population group to AA. 

To date, among the European countries, only Germany has reported 
quantifiable data on the urinary levels of AAMA and GAMA3 in children 
and adolescents (Hartmann et al., 2CC8D Heudorf et al., 2CC9D Schwedler 
et al., 2C21). Indeed, HBM for Europe (HBMAEB) initiative included AA 
in its 2nd list of priority substances (2C18) because of not only the 
existing gap in its potential adverse effects on humans, but also the lack 
of data on internal AA exposure in the European population (HBMAEB, 
2C18). Therefore, considering the potential carcinogenic activity of AA 
and the scarcity of the HBM studies focused on the exposure of children 
to AA, obtaining data on the internal exposure of this vulnerable group 
to AA is of substantial interest. 

Herein, data on the internal exposure of Spanish children to AA are 
presented and the corresponding risk is assessed for the first time. 
Moreover, potential exposure factors were identified by regression 
analysis. 

2. Materials and methods 

"3#3 Stud! design0 recruitment, data, and sam'le collection 

This study was performed in the framework of BIOVAL program, a 
HBM cross-sectional study promoted by the Health Hepartment of the 
Regional Government of Valencia (Spain) in 2C16. The main objective of 
this program was to more comprehensively characterize the exposure 
profiles of children (5–12 years old) from the Valencian Region (Spain) 
to food contaminants. A complete description of the different fieldwork 
stages (that is, logistics, recruitment, sampling, and data collection) of 
the BIOVAL program can be found in the literature (Pérez et al., 2C17). 

BrieIy, a total of 666 children from different primary schools 
throughout the three provinces (Castelló, València, and Alacant) of the 
Valencian Region participated in the BIOVAL study. The selection re-
quirements were as follows: i) age between 5 and 12 yearsD ii) no dis-
eases related to the urinary systemD and iii) home residence located in 
the Valencian Region. Before sampling and data collection, informed 
consent was obtained from the parentsEguardians of each volunteer. 

The families were provided with all the necessary materials and 
detailed instructions for sample collection. First-morning urine samples 
were acquired by all volunteers in 1CC-ml polypropylene containers 
using disposable gloves. All urine samples were transported by the 
BIOVAL staff and refrigerated (A ◦C) until storage in 1C-ml aliquots at 
−8C ◦C in the Biobank for Biomedical Research and Public Health of the 
Valencian Community (IBSP-CV Biobank, SpainD PT13ECC1CECC6A). 
Additionally, sociodemographic information and food consumption 
habits (monthly consumption frequency and 72-h recall) of the children 
were obtained via a self-administered questionnaire. 

The BIOVAL program was approved by the Ethics Committee for 
Clinical Research of the Hirectorate General of Public Health and the 
Centre for Advanced Research in Public Health of the Valencian Gov-
ernment. The participants were notified that the information would be 
published only for scientific purposes and would not include any per-
sonal details. The collection, handling, transfer, and analysis of personal 
data were conducted by secure settings. Moreover, these data were 
destroyed after final processing, which was carried out in compliance 
with ethics and legal aspects at the national and European level, 
particularly the General Hata Protection Regulation. 

"3"3 Chemical anal!sis 

Methods for the preparation and analysis of samples and details of 
the standards, reagents, analysis conditions, and quality assuranceE 
quality control criteria used to examine the levels of AAMA, AAMA-Sul, 
and GAMA3 in the urine samples have been comprehensively described 
in the literature (Fernández et al., 2C22). 

BrieIy, the homogenized sample (2CC μl) was diluted with the in-
ternal standard solution and water (C.C1L acetic acid) and then injected 
into a Vanquish high-performance liquid chromatography (Thermo 
Fisher Scientific Inc.D San Mose, CA, BSA) equipped with an Atlantis dC18 
column (15C mm × 2.1 mm, 2.6 μm, 1CC N) (Waters, Milford, MA, BSA) 
and coupled to an Altis™ triple quadrupole mass spectrometer (Thermo 
Fisher Scientific Inc.D San Mose, CA, BSA)D the spectrometer was operated 
using an electrospray ionization source in the negative-ion mode. All 
metabolites presented a limit of quantification (LOK) of C.25 ng ml−1. 
Chromatograms of different concentration levels (LOK, 5C and 1CCC 
ppb) in the calibration curve and of a real urine sample, showing the 
chromatographic separation of AAMA-Sul, GAMA3 and AAMA, are 
presented in Fig. S1. Huring the analysis of the BIOVAL urine samples, 
the external quality assurance of the results was evaluated through 
participation in the 66th German External Kuality Assessment Scheme 
(G-EKBAS). As a result, OPO (absolute P-scores) between C.15 and 1.35 
for AAMA, and between C.32 and C.59 for GAMA3 were obtained, which 
were classified as satisfactory results (OPO ≤ 2). Kuantification of AAMA- 
Sul was not assessed since it was not included in the G-EKBAS 66. 
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Creatinine (Cre) analysis was performed using the Maffé’s reaction at 
the Bniversity Hospital Hoctor Peset (València, Spain) for two purposes: 
i) to correct urine dilution differences among samples and ii) to exclude 
those urine samples with abnormal Cre concentrations. As a Qnormal’ 
urinary Cre range for children has not been described yet in the litera-
ture, the Qnormal’ values for adults (3C–3CC mg dl−1) were considered 
(Barr et al., 2CC5). 

"353 Statistical anal!sis 

Initially, the urinary levels of AA metabolites adjusted by volume 
(ng⋅ml−1) and Cre (μg⋅g−1 Cre) were summarized using the following 
descriptive statistics: detection frequency (HF, percentage of samples 
above LOK), geometric mean (GM), 25th, 5Cth, 75th, and 95th per-
centiles (P25, P5C, P75, and P95, respectively), minimum and maximum 
values, and standard deviation (SH). 

Sociodemographic characteristics of the participants and dietary 
habits related to AA exposure (namely, exposure variables) were 
extracted from the questionnaires and described by absolute frequencies 
and percentages for qualitative variables (with two or more categories) 
and median, minimum, and maximum values for the quantitative 
variables. 

SPSS statistics (version 26.C, 2C19) was used to conduct statistical 
analysis of the data. A Spearman correlation matrix was employed to 
investigate the correlations among AAMA, AAMA-Sul, and GAMA3. 
Brinary concentrations of these AA biomarkers were converted to 
nmol⋅l−1 and added together to obtain the sum of urinary AA metabolite 
levels (

∑
BAAM). Hue to the non-normal distribution of the data, the 

logarithm of 
∑

BAAM was used as a dependent variable in the con-
struction of a regression model based on the corrected Akaike infor-
mation criterion (Jonishi and Jitagawa, 2CC8) to explore associations 
between 

∑
BAAM and the exposure variables, including Cre as an in-

dependent variable (HBMAEB, 2C19b). Kualitative variables having 
categories with frequencies higher than 9CL were not included in the 
exposure variables. A p-value of C.C5 was set as a cutoff for significance. 
In the final model, the regression coefficients and their 95L confidence 
intervals for each significant variable reIected the change in the loga-
rithm of 

∑
BAAM of the target population. 

To check the assumptions of normality, non-autocorrelation, ho-
moscedasticity, and non-multicollinearity, the Shapiro–Wilk test, the 
Hurbin–Watson statistic, scatter plots, and tolerance and condition 
indices, respectively, were employed. 

"3$3 Calculation of estimated dail! inta6e 71(I8 of AA 

Haily intake of AA based on dietary ingestion was evaluated using 
the HBM data acquired herein and by applying the methodology pre-
viously described in the literature (Fernández et al., 2C22). BrieIy, GM 
and P95 of 

∑
BAAM (both adjusted by volume and Cre) in the children 

under study were transformed to EHIs of AA via the following equations 
(Heudorf et al., 2CC9D Mojska et al., 2C2C): 

EDIVol

( μg AA
kg − bw⋅day

)
=

∑
UAAMVol × V24h × MWAA

FUE × BW (1)  

EDICre

( μg AA
kg − bw⋅day

)
=

∑
UAAMCre × Cre24h × MWAA

FUE × BW (2)  

where 
∑

BAAM = sum of the molar concentrations of AAMA, GAMA3, 
and AAMA-Sul in urine (nmol⋅l−1 for EHIVol or nmol⋅g Cre−1 for EHICre)D 
V2Ah = daily volume of urine normally excreted by children (C.66 
l⋅day−1) (Aylward et al., 2C11)D Cre2Ah = daily urinary creatinine 
excreted by children (C.5C g Cre⋅day−1) (Aylward et al., 2C11)D MWAA =
molecular weight of AA (71 g mol−1)D FBE = urinary excretion factor of 
ingested acrylamide which is eliminated as 

∑
BAAM (C.5) (Jocadağli 

and Gökmen, 2C16)D and BW = mean body weight of the children under 

study (33 kg). 

"3+3 Ris6 assessment 

Interpretation of the risks associated with the AA urinary levels 
based on the non-neoplastic effects of AA on the target population was 
performed using two different approaches: reverse and forward dosim-
etry (Gurusankar et al., 2C17). The risk associated with the neoplastic 
effects of AA was not estimated due to there is no clear evidence of its 
carcinogenicity in humans (EFSA, 2C15). 

"3+3#3 Reverse dosimetr! 
In this strategy, the risk was estimated considering only ingestion as 

the main exposure route as the predominant source of AA exposure in 
children was food (EFSA, 2C15). For this purpose, the margin of expo-
sure (MOE) was calculated as the ratio of the benchmark dose lower 
confidence limit (BMHL1C) for neurotoxicity in rats (A3C μg 
AA⋅kg-bw−1⋅day−1) (EFSA, 2C15) and EHI (equation (3)). 

MOE (dimensionless)=
BMDL10

(
μg AA

kg−bw⋅day

)

EDI
(

μg AA
kg−bw⋅day

) (3) 

According to the EFSA’s estimation, MOEs lower than 125 may 
indicate a human health concern because of the non-genotoxic effects of 
AA on human health (EFSA, 2C15). 

"3+3"3 For/ard dosimetr! 
In the forward dosimetry approach, transformation of the HBM data 

is not required as the urinary levels of AAMA are directly compared with 
the non-cancer Biomonitoring Equivalent (BE) and the BE based on the 
human equivalent point of departure (BEPOH) derived for AA (Hays and 
Aylward, 2CC8). Consequently, BE and BEPOH for urinary AAMA con-
centrations based on volume (13 and 13C μg l−1, respectively) and Cre 
levels (16 and 16C μg g Cre−1, respectively) were characterized in pri-
oritization schemes for direct comparison with GM and P95 of the ob-
tained AAMA urinary levels (Hays and Aylward, 2CC9). These schemes 
provide an initial estimation of whether the exposure to AA is of low 
(below BE), medium (between BE and BEPOH), or high (above BEPOH) 
concern and priority for further monitoring of risk assessment in the 
study population group. However, they cannot be used to distinguish 
“safe” exposures from “unsafe” exposures (Hays and Aylward, 2CC9, 
2CC8). 

3. Results 

A total of 612 urine samples were included in this study as the urine 
volumes of some children (n = A9) were not sufficient to determine AA 
metabolites and the urinary Cre concentrations in 5 children were 
abnormal (namely, beyond the 3C–3CC mg dl−1 range) (Barr et al., 
2CC5). 

A summary of the sociodemographic characteristics and food con-
sumption habits of the children under study is presented in Table 1. As 
the urinary biomarkers of AA represent short-term exposure to AA (Hays 
and Aylward, 2CC8D Jocadağli and Gökmen, 2C16), the information of 
the 72 h-recall questionnaire was used to characterize and identify po-
tential sources of AA exposure. This included the following food com-
modities: fried potato products (such as French fries, chips, and other 
snacks), cereals, bread, and precooked products (EFSA, 2C15). Accord-
ing to EFSA, biscuits are also a relevant source of exposure to AA in 
children (EFSA, 2C15), and due to the employment of AA in polymers 
used in food packaging, the consumption of plastic-packed products was 
also considered a potential exposure source in the present study (EFSA, 
2C15). However, information on the consumption of these foods was 
only included in the food frequency questionnaire and not in the 72 
h-recall. Therefore, the intake of biscuits and plastic-packed products 
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(including processed and plastic-wrapped foods) in grams per month 
were considered (Table 1). The complete consumption frequency ques-
tionnaire (grams of food group per month) is presented in Table S1. 

The study population was a representative sample of 5–12-year-old 
children living in the Valencian Region (Spain) because the percentage 
of the children recruited by province was in accordance with the 
geographical distribution of the Valencian population (Pérez et al., 
2C17), and both sexes were equally represented (51L males and A9L 
females). Nevertheless, exposure to secondhand smoke was not recorded 
in the questionnaireD therefore, its inIuences on the levels of AA me-
tabolites were not analyzed. 

53#3 )rinar! concentrations of AA biomar6ers 

Statistical descriptors of urinary levels of AAMA, AAMA-Sul, and 
GAMA3 (ng⋅ml−1 and μg⋅g−1 Cre) for the children of the BIOVAL study 
are presented in Table 2. 

Brinary Cre levels were between 33 and 266 mg dl−1, with a mean of 
1C5 mg dl−1. The three AA metabolites were quantified above the LOK 
in all urine samples, exhibiting wide AA exposure in children living in 
the Valencian Region. The major AA biomarker, AAMA, was detected at 
the highest concentrations, 11–796 ng ml−1 (GM = 79 ng ml−1), the 
levels of its sulfoxide derivative, AAMA-Sul, ranged from 5 to 1AC ng 
ml−1 (GM = 28 ng ml−1), and the concentrations of the mercapturic acid 
of GA (GAMA3) were the lowest, ranging from 2 to 125 ng ml−1 (GM =
18 ng ml−1). The mean oxidative conversion of AA to GA (GAMA3E 
AAMA) was estimated to be 23L. 

53"3 Statistical anal!sis 

The Spearman correlation matrix provided in Table S2 shows a high 
correlation among AAMA, GAMA3, and AAMA-Sul (p-value < C.C1), 
corroborating that AA is the common source of these mercapturic acids. 

A schematic showing the results of the prediction model for log- 
transformed 

∑
BAAM is depicted in Fig. 1. The thickness of the lines 

demonstrates the inIuence of each significant variable on 
∑

BAAM. The 
obtained model explained the 27.5L of the data variability. It should be 
considered that only children with a completed questionnaire (n = 56C) 
were included in the construction of the prediction model. 

According to the regression analysis, Cre concentration had the 
strongest positive inIuence on AA metabolite levels. Furthermore, the 
consumption of fried potato products (including French fries, chips, and 
other snacks) in the last 72 h and the monthly intake of biscuits were 
related to higher 

∑
BAAM. 

Regarding the sociodemographic characteristics of the participants, 
sex was considerably associated with internal exposure to AAD however, 
only slight differences were found between the mean 

∑
BAAM of males 

(69A nmol g Cre−1) and females (621 nmol g Cre −1). Another relevant 
predictor was the age of the children, which showed a negative corre-
lation with AA exposure. 

5353 1(Is and ris6 assessment 

The EHIs calculated based on volume and Cre levels are shown in 
Fig. 2. Similar EHIs were acquired at GM concentration levels, ranging 
from 1.2 to 1.5 μg AA⋅kg-bw−1⋅day−1. In contrast, substantially higher 
EHIs were obtained at the P95 distribution levels for volume-based 
concentrations (A.9 μg AA⋅kg-bw−1⋅day−1) as compared to those ac-
quired using Cre levels (3.2 μg AA⋅kg-bw−1⋅day−1). 

To evaluate these EHIs in a risk assessment context, the MOE concept 
was applied. Fig. 3 depicts the MOEs obtained using the EHIs adjusted by 
volume and Cre levels. The mean MOEs ranged from 283 to 36A. Only 
the MOE for P95 based on volume was lower than 125. 

Regarding the forward dosimetry approach, risk prioritization 
schemes were used to interpret the AAMA urinary levels (Fig. A). The 
mean concentrations of AAMA were significantly higher than BE, 

Table 1 
Sociodemographic characteristics and food consumption habits of the children 
participating in the BIOVAL study (n = 612).  

Children’s characteristics n (L) Mean (minimum – 
maximum) 

Body Mass Index (BMI, kg⋅m−2)  18 (12–A5) 
*issing data 19 (3L)  
Age (years)  8 (5–12) 
Province 
Alacant 225 

(37L)  
Castelló de la Plana 13A 

(22L)  
València 253 

(A1L)  
Home location 
Brban A82 

(79L)  
Other 129 

(21L)  
*issing data 1 (C.2L)  
Sex 
Male 311 

(51L)  
Female 3C1 

(A9L)  
Country of birth 
Spain 6CC 

(98L)  
Foreign 9 (1.5L)  
*issing data 3 (C.5L)  
Physical activity 
3 or more days per week 32C 

(52L)  
1 or 2 days per week 225 

(37L)  
Occasionally or never 67 

(11L)  
Parents’ characteristics n (%)  

Country of birth 
Both parents were Spanish 527 

(86L)  
At least one of the parents was foreign 67 

(11L)  
*issing data 18 (3L)  
Maximum level of education 
Without studies or primary studies 67 

(11L)  
Secondary studies 185 

(3CL)  
Bniversity studies 36C 

(59L)  
Employment situation 
Both unemployed 39 (6L)  
Only one parent employed 181 

(3CL)  
Both employed 392 

(6AL)  
Children’s food cons���tion ha�its related to 

�� e��os�re 
n (%) Mean (minimum – 

maximum) 

Potato fried products in the last 72 h (g)a  26 (C–21C) 
Cereals in the last 72 h (g)  29 (C–27C) 
Bread in the last 72 h (g)  8C (C–225) 
Precooked products in the last 72 h (g)  3 (C–9C) 
*issing data 1 (C.2L)  
Monthly consumption of biscuits (g⋅month−1)  1CCC (25–A5CC) 
*issing data 7 (1L)  
Monthly consumption of plastic-packed food 

(number of products⋅month−1)   
*issing data 7 (1L) 6 (C–21)  

a Including French fries, chips and other snacks. 
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whereas they were substantially lower than BEPOH, indicating a 
medium-priority risk of AA exposure in the children under study. 
However, the high-priority cut-off value exceeded when P95 was 
considered. 

It is important to note that the use of biomarkers to estimate expo-
sure to food contaminants, such as acrylamide, has advantages and 

disadvantages. First, biomarkers of exposure provide us a confirmation 
of the absorption of contaminants by the human body and give infor-
mation on aggregate and cumulative exposure to the parent compound 
(Jromerova and Bencko, 2C18D WHO, 2C11). In addition, the evaluation 
of biomarker levels helps to understand their toxicokinetic, as well as to 
identity exposure trends and evaluate public health interventions 

Table 2 
Hescriptive statistics of the urinary AA metabolites (BAAM) concentrations in Spanish children (n = 612).  

Metabolites LOK HF (L) Minimum P25 P5C GM P75 P95 Maximum SH Bnits 

AAMA C.25 1CC 11 A6 78 79 12A 29C 796 97 ng⋅ml−1 

AAMA-Sul C.25 1CC 5 18 29 28 A5 78 1AC 22  
GAMA3 C.25 1CC 2 11 18 18 27 A9 125 1A  
a∑BAAM – 1CC 88 321 528 535 818 1719 AC13 532 nmol⋅l−1 

Ratio GAMA3EAAMA – – C.C6 C.16 C.2A C.23 C.32 C.A6 C.92 C.12 Himensionless 

AAMACre – – 1C 51 76 81 121 27C 7A2 8A μg⋅g Cre−1 

AAMA-SulCre – – 5 2C 28 29 A3 72 17C 2C  
GAMA3Cre – – A 13 18 18 27 A6 135 1A  
b∑BAAMCre – – 78 366 519 5A9 796 15C3 366A A63 nmol⋅g Cre−1 

LOK: Limit of quantificationD HF: Hetection Frequency (L samples > LoK)D P: percentileD GM: Geometric meanD SH: Standard deviationD Cre: creatinine. 
a ∑

BAAM = AAMA + AAMA-Sul + GAMA3. 
b ∑

BAAMCre = AAMACre + AAMA-SulCre + GAMA3Cre. 

Fig. 1. Linear regression model fitted for the log-transformed 
∑

BAAM (n = 56C, only participants with a completed questionnaire were considered), with its 
corresponding regression coefficients, 95L confidence intervals and coefficient of determination (R2). The thickness of the lines represents the inIuence of each 
significant variable on 

∑
BAAM. 

Fig. 2. Estimated daily intakes of AA (EHI, in μg AA⋅kg-bw−1⋅day−1) calculated from 
∑

BAAM adjusted by volume and by creatinine at GM and P95 distribu-
tion levels. 
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(Jromerova and Bencko, 2C18D WHO, 2C11). However, biomarkers 
cannot distinguish among sources, pathways or different durations of 
exposure (WHO, 2C11). Furthermore, health-based reference values in 
HBM, such as BEs or HBM-I and –II, are still lacking for most food 
contaminants, and they do not represent diagnostic criteria (safe vs 
unsafe exposure). In the case of acrylamide, BEs were derived with a 
“medium” confidence (Hays and Aylward, 2CC8). 

4. Discussion 

Herein, the urinary levels of AAMA, GAMA3, and AAMA-Sul were 
measured in children living in the Valencian Region (Spain) to evaluate 
the levels of AA exposure and the risk associated with AA exposure. Hue 
to the representativeness of the sample, these data may be used as 
reference values for this subpopulation group in the Eastern Spanish 
region. 

The levels of the mercapturic acid metabolites of AA in urine were in 
the following order: AAMA > AAMA-Sul > GAMA3. This is in accor-
dance with the metabolic and toxicokinetic properties of AA in humans 
(Jocadağli and Gökmen, 2C16) and the abundances observed in two 
similar HBM studies (Brisson et al., 2C1AD Fernández et al., 2C22). 
Additionally, the high detection frequencies acquired in this study 
(1CCL) are similar to those reported by other authors (Brisson et al., 
2C1AD Choi et al., 2C19D Hartmann et al., 2CC8D Mi et al., 2C13D Juang 
et al., 2C21D Schwedler et al., 2C21D Song et al., 2C22), indicating 
widespread AA exposure in children from different parts of the world. 

Only few studies have been reported on the urinary levels of AA 
biomarkers in children. As many of these studies do not provide GM 
values, P5C of urinary AA levels was used to compare among pop-
ulations. Fig. 5 shows a comparison between the P5C levels of urinary 
AAMA, AAMA-Sul, and GAMA3 acquired in ten studies focused on the 
population group investigated herein. A more detailed description of 
each study is provided in Table S3. It should be noted that AAMA-Sul is 
not usually analyzed in many HBM studies, probably because is a minor 
metabolite of AA. Most authors only report urinary levels of AAMA 
(major metabolite of AA) and GAMA3 (major metabolite of GA) (see 
Table S3). 

The median AAMA levels in children involved in the BIOVAL study 
(76 μg g Cre−1) were comparable to those in children and adolescents 
from Canada (76 μg g Cre−1) (Brisson et al., 2C1A) and Jorea (79 μg g 
Cre−1) (Mi et al., 2C13), whereas they were considerably higher than 
those in the rest of the studies (21–59 μg g Cre−1) (Fig. 5). In contrast, 
the urinary concentrations of GAMA3 were very similar to those 
observed in children living in Germany (Hartmann et al., 2CC8D Heudorf 
et al., 2CC9D Schwedler et al., 2C21), Canada (Brisson et al., 2C1A), the 
BSA (CHC, 2C21), Jorea (Choi et al., 2C19D Mi et al., 2C13), and China 
(Juang et al., 2C21)D nevertheless, the urinary levels of GAMA3 in young 
Chinese children (C–7 years old) were the lowest (3 μg l−1, adjusted by 
specific gravity) (Song et al., 2C22). In addition to the present study, 
only one study has been reported on the urinary levels of AAMA-Sul in 
Canadian adolescents (1C–17 years old) (39 μg g Cre−1) (Brisson et al., 
2C1A), which are higher than the concentrations obtained herein (29 μg 

Fig. 3. Results of the risk assessment using reverse dosimetry: representation of the margin of exposure (MOE) at GM and P95 distribution levels adjusted by volume 
and creatinine. 

Fig. 4. Results of the risk assessment using forward dosimetry: prioritization diagrams based on biomonitoring equivalents (BEs) at GM and P95 distribution levels 
adjusted by volume (a) and creatinine (b). 
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g Cre−1). The AAMA and GAMA3 concentrations acquired herein for the 
evaluated children were slightly lower than those recently reported for 
adult women living in the Valencian Region (Fernández et al., 2C22). 

Note that this variability in the urinary levels of AA metabolites 
among children from different nationalities could be related to differ-
ences in not only their lifestyles, genetic factors, secondhand smoke 
exposure, dietary patterns, and cooking traditions, but also the urine 
sample type, collection year, age range, and the analytical methods used 
(Choi et al., 2C19). 

Identifying the sources of AA exposure in humans is crucial for the 
risk assessment of AA exposure and the development of mitigation and 
control strategies, specifically for food safety. Therefore, associations 
between 

∑
BAAM and some characteristics and dietary habits of the 

target population were evaluated. Consequently, the effect of diet on AA 
exposure was confirmed. The urine samples of children who more 
regularly consumed higher quantities of fried potato products in the last 
72 h and biscuits had significantly higher 

∑
BAAM than those in the case 

of the children who consumed less quantity of these food items. In fact, 
EFSA estimates that 51 and 25L of the dietary AA exposure in infants, 
toddlers, and other children are owing to the ingestion of fried potato 
products and biscuits (together with other bakery products), respec-
tively (EFSA, 2C15). Similar tendencies have been observed in other 
HBM studies, in which fried potatoes (Choi et al., 2C19D Heudorf et al., 
2CC9D Schwedler et al., 2C21) and bakery products (including biscuits) 
(Heudorf et al., 2CC9D Lee et al., 2C13) were found to be relevant con-
tributors to the internal exposure of this population group to AA. 

With respect to sociodemographic characteristics, higher 
∑

BAAM 
was obtained for children in lower age ranges, implying an association 
between age and AA internal exposure. This finding was in agreement 
with the observed mean 

∑
BAAM of 723, 685, 629, and 593 nmol g 

Cre−1 for 5–6-, 7–8-, 9–1C-, and 11–12-year-old children, respectively. 
Similar findings have been obtained in other studies (Hartmann et al., 
2CC8D Schwedler et al., 2C21), confirming that younger children are 
more vulnerable to AA exposure as they consume more food, inhale 
more air, and drink more water per kg-bw than those in the cases of 
older children (Mielech et al., 2C21). Gender-related differences were 
also noticed: males demonstrated higher urinary levels of AA metabo-
lites as compared to those of females. However, the relationship between 
internal AA burden and sex is controversial as some authors have 

claimed that urinary Rre levels may distort this relationship due to the 
lower Cre excretion of females comparing to males (Barr et al., 2CC5D 
Hartmann et al., 2CC8D Mi et al., 2C13). 

To the best of our knowledge, this is the first study on the estimation 
of AA intake among Spanish children based on HBM data. The mean 
EHIs derived herein are in the range of those calculated by EFSA for 
infants, toddlers, and other children in Europe (C.5–1.9 μg AA⋅kg- 
bw−1⋅day−1). In contrast, when P95 was considered, EHIs were close to 
or exceeded the maximum upper limit reported by EFSA (3.A μg AA⋅kg- 
bw−1⋅day−1) (EFSA, 2C15). In a diet study based on the food con-
sumption habits of Spanish children (5–1A years old) in 2C13, lower 
EHIs were acquired (≈C.9C μg AA⋅kg-bw−1⋅day−1) (Molina Périz et al., 
2C16). These differences might be due to the fact that the HBM data take 
into account not only ingestion of AA, but also other pathways of AA 
exposure, such as inhalation of secondhand smoke (Juang et al., 2C21) 
and dermal contact with consumer products (WHO, 2CC2). Additionally, 
endogenous generation of AA in the human body can be a potential 
contributor to internal AA exposure (Rietjens et al., 2C18). Compared to 
our previous study, herein, comparable EHIs were obtained for women 
living in the same region (Fernández et al., 2C22). Nevertheless, other 
HBM studies focused on children from Jorea (Mi et al., 2C13) and Ger-
many (Hartmann et al., 2CC8D Heudorf et al., 2CC9) demonstrated lower 
mean EHIs (1.CA and ≤ 1.13 μg AA⋅kg-bw−1⋅day−1, respectively) than 
those found for the population under study. Note that these studies did 
not include the urinary levels of AAMA-Sul (both AAMA-Sul and GAMA3 
were not considered in the Jorean study) in the daily intake calcula-
tions, which could lead to lower robustness of the EHI estimations. 

According to the EFSA CONTAM Panel, current levels of dietary AA 
exposure in infants, toddlers, and other children are not of concern with 
respect to the non-neoplastic effects of AA as MOEs were estimated at 
mean levels ranging from 86C to 226 and from 3C7 to 126 in P95 (EFSA, 
2C15). However, although the MOEs at GM level acquired herein were in 
the same safe range, MOEs at P95 were close to or below 125, revealing a 
potential health risk of AA in children living in Spain. Additionally, the 
urinary AAMA levels found in the BIOVAL study were up to six orders of 
magnitude higher than the corresponding BE, indicating that risk 
assessment of AA should be performed. This finding was also acquired 
for children living in the other abovementioned countries (Fig. 5). 

Fig. !. Comparison of existing HBM data of urinary AA metabolites in children and adolescents from different countries. A detailed description of each study can be 
found in Table S2. 
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!. "imitations and strengths o# the stud$ 

The major limitation of the study was the lack of information about 
exposure to second-hand smoke, consumption of specific foods, such as 
breaded food, and culinary practices of the study population, which may 
have a big inIuence on urinary levels of AA metabolites. In addition, the 
inter-individual variability in the metabolism of children was considered 
as their creatinine concentration in urine, which may not be the best 
surrogate estimator since its excretion is inIuenced by physiological and 
exogenous factors. Moreover, spot urine samples were used for the 
exposure estimation, which give us a less certain estimate of long-term 
exposure than 2A-h samples. 

On the other hand, a major strength of the study was that it was 
conducted using a representative sample of the infant population living 
in the Valencian Region. Thus, the sample size of the study together with 
the high detection frequencies observed for the three main metabolites 
of AA led to a high statistical power of the results. Additionally, the first 
HBM data on AA exposure in Spanish children were presented, highly 
contributing to the knowledge of AA exposure in this country. 

%. &onclusions 

Herein, the urinary concentrations of AA metabolites in children 
(5–12 years old) living in Spain were analyzed for the first time. The 
consumption of fried potato products and biscuits was an important 
contributor to internal AA exposure in this population group. Consid-
ering the potential negative effects of AA, its high frequency of detection 
in urine, and the higher concentrations of AA metabolites than the BE, it 
is concluded that AA may pose a health risk for children and should be 
listed as a priority for risk assessment and management activities in 
Spain and other countries. 

In conclusion, further HBM studies on the internal body burden of AA 
are necessary to characterize and monitor the potential risks and sources 
of AA in children and to provide more data to food safety authorities to 
facilitate mitigation measures for reducing dietary exposure to AA. In 
addition, the need of reducing the consumption of foodstuffs with a high 
content of AA, such as fried potato products, in Spain has been evi-
denced and should be recommended to consumers by Spanish public 
health authorities with more effectiveness. 
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Louro, H., Heinälä, M., Bessems, M., Buekers, M., Vermeire, T., Woutersen, M., van 
Engelen, M., Borges, T., Rousselle, C., Ougier, E., Alvito, P., Martins, C., AssunVão, R., 
Silva, M.M., Pronk, A., Schaddelee-Scholten, B., Hel Carmen Gonzalez, M., de 
Alba, M., Castaño, A., Viegas, S., Humar-Muric, T., Jononenko, L., Lampen, A., 
Vinggaard, A.M., Schoeters, G., Jolossa-Gehring, M., Santonen, T., 2C19. Human 
biomonitoring in health risk assessment in Europe: current practices and 
recommendations for the future. Int. M. Hyg Environ. Health 222, 727–737. https:EE 
doi.orgE1C.1C16Ej.ijheh.2C19.C5.CC9. 
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