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A B S T R A C T

European human biomonitoring (HBM) studies have increasingly adopted multi-mycotoxin approaches to cap
ture complex exposure scenarios encountered in real-life diets. This nation-wide study provides the character
ization, for the first time, of the mycotoxin profile of 295 urine samples collected from the Portuguese population 
in the continent and islands (archipelagos of Madeira and Azores), using an optimized and validated LC-MS/MS 
method for the characterization of 39 mycotoxins/metabolites. Nearly all study participants (99.3%) were 
exposed to at least one mycotoxin, with around half (54.2%) being co-exposed to only 2 detectable mycotoxins. 
Free-deoxynivalenol (free-DON, 84.7%) and tenuazonic acid (TeA, 95.6%) were the most prevalent mycotoxins. 
Citrinin (CIT, 11.5%), α-zearalenone (α-ZEL, 10.5%) and ochratoxin A (OTA, 9.5%) showed detection rates near 
10%. Median concentrations (P50) for the two predominant mycotoxins were 0.79 μg/L (0.72 μg/g creatinine) 
for free-DON and 2.45 μg/L (2.08 μg/g creatinine) for TeA, with maximum values of 11.77 μg/L (10.06 μg/g 
creatinine) and 90.91 μg/L (114.15 μg/g creatinine), respectively. Sociodemographic patterns showed lower 
exposure in the Centre region and higher free-DON exposure in southern Portugal and the archipelagos. TeA 
exposure differed significantly by region and was lowest in the Lisbon Metropolitan Area and Algarve compared 
to the Center reference region. Low educational levels and spring sampling correlated with higher exposure for 
both toxins, but only education levels showed statistical significance in the linear regression analyses. For both 
TeA and free-DON, no differences in exposure were observed by sex, occupational status, or degree of urbani
zation. Overall, these findings underscore the importance of continuous surveillance, particularly under the 
current climate change scenario, and highlight the relevance of integrating human biomonitoring into national 
food safety and public health strategies.
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1. Introduction

Mycotoxins are toxic secondary metabolites produced by diverse 
fungal species that commonly contaminate food and feed products 
worldwide. Chronic dietary exposure to mycotoxins represents a sig
nificant public health concern due to its association with multiple 
adverse health outcomes, including immunosuppression, carcinogenic
ity, nephrotoxicity, hepatotoxicity, and endocrine disruption (Bennett & 
Klich, 2003; International Agency for Research on Cancer (IARC), 
2012). Although regulatory authorities in Europe have established 
maximum levels for several mycotoxins in food to mitigate human 
exposure (European Commission, 2023, 2024), emerging evidence 
demonstrates that long-term, low-level exposure may pose substantial 
health risks, particularly when multiple mycotoxins co-occur in dietary 
matrices (De Ruyck et al., 2020; Alvito, Barcelo, De Meester, Rito and 
Suman, 2021; Karsauliya et al., 2022). Moreover, beyond these regu
lated compounds, non-regulated mycotoxins, including modified and 
emerging forms, are increasingly detected in diverse foodstuffs, repre
senting an additional exposure pathway not currently captured by 
existing regulatory frameworks (Gruber-Dorninger et al., 2017; Nešić 
et al., 2023).

Human biomonitoring (HBM), which refers to the direct measure
ment of substances and/or their metabolites in biological specimens, 
provides an accurate assessment of internal mycotoxin exposure under 
real-life conditions (Heyndrickx et al., 2015; Martins et al., 2019; Vidal, 
Mengelers, et al., 2018). Advances over the past decade in sensitive and 
reliable analytical techniques, predominantly liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS) and high-resolution 
mass spectrometry (HRMS), have expanded HBM applications for 
detecting a broad spectrum of mycotoxin biomarkers in biological 
matrices (Arce-López et al., 2020; Delgado-Povedano et al., 2025). Urine 
has been the matrix of choice to measure mycotoxins in most HBM 
studies due to its non-invasive collection, ease of handling, and role as a 
principal excretion route (Gallardo-Ramos et al., 2024; Peris-Camarasa, 
Pardo, et al., 2025). Validated urinary biomarkers currently exist for 
several of the most relevant mycotoxins, including aflatoxins (AFM1, 
aflatoxin-N7-guanine), deoxynivalenol (DON and its glucuronides), 
ochratoxin A (OTA), fumonisins (FB1), zearalenone (ZEN and its me
tabolites α-ZEL and β-ZEL), citrinin (CIT), T-2 and HT-2 toxins, and 
alternariol (AOH) (Vidal, Mengelers, et al., 2018). These biomarkers 
have been used to estimate exposure levels in various European pop
ulations and, in some cases, to compare these estimates with established 
health-based guidance values such as tolerable daily intakes (TDIs) 
(Alvito et al., 2022; Namorado et al., 2024). For example, EFSA reported 
that upper bound chronic dietary exposure of the sum of free-DON and 
its modified forms 3-Ac-DON, 15-Ac-DON and DON-3-glucoside, calcu
lated from available occurrence data in food and feed, exceeded the 
group TDI of 1 μg/kg bw per day for the infants, toddlers and other 
children and, in some cases, also for adolescents and adults (EFSA Panel 
on Contaminants in the Food Chain (CONTAM) et al., 2017). Under the 
European Human Biomonitoring Initiative (HBM4EU), a Human Bio
monitoring Guidance Value (HBM-GV) of 23 μg/L was established for 
total-DON in 24 h urine (Alvito et al., 2022; Mengelers et al., 2024).

Recent European studies have increasingly adopted a multi- 
mycotoxin approach to better capture the complex exposure scenarios 
encountered in real-life diets. Several biomonitoring campaigns con
ducted over the past ten years have measured multiple mycotoxins in 
urine samples, revealing widespread exposure across populations, often 
with co-exposure to multiple compounds (De Ruyck et al., 2020; 
Heyndrickx et al., 2015; Peris-Camarasa, Coscollà, et al., 2025). In 
Portugal, emerging research has begun to characterize the occurrence of 
mycotoxin co-exposures in adults through human biomonitoring. One of 
the first comprehensive studies addressing multiple mycotoxins in the 
Portuguese population analysed 37 mycotoxin biomarkers in urine 
samples from 94 adult participants (mean age 48.4 ± 15.2 years) 
recruited as part of the National Food, Nutrition and Physical Activity 

Survey (IAN-AF, 2015–2016) (Martins et al., 2019). In this study, 
exposure to six different mycotoxins - DON, ZEN, AOH, OTA, FB1, and 
CIT - was confirmed through the detection and quantification of 12 
urinary biomarkers of exposure, including both parent compounds and 
metabolites, in paired 24-h and first-morning urine samples (Martins 
et al., 2019). Notably, AOH was identified for the first time in urine 
samples from a European population. Associations between urinary 
mycotoxin biomarkers and consumption of specific food items were also 
observed (Martins et al., 2018; Martins, Assunção, et al., 2021). DON 
and its metabolites (DOM-1, DON-15-GlcA, and DON-3-GlcA) were 
among the most frequently detected biomarkers (Martins, Torres, et al., 
2021).

Concerning general exposure to DON in the European population, 
urinary total-DON levels were measured in 1270 participants from six 
countries, including Portugal, as part of HBM4EU (Namorado et al., 
2024). The HBM4EU Aligned Studies (Gilles et al., 2022; Govarts 
et al., 2023) employed post-harmonized questionnaire data and vali
dated analytical methodologies, covering countries representing four 
geographical regions of Europe, thereby providing much-needed in
sights into the internal exposure of the European adult population to 
DON (Alvito et al., 2022; Namorado et al., 2024). This study aimed to 
characterize internal exposure levels in the adult European population 
and identify key determinants of exposure. The median (P50) and 95th 
percentile (P95) total-DON concentrations ranged between 0.41–10.16 
μg/L (0.39–9.05 μg/g creatinine) and 3.25–46.58 μg/L (2.12–33.50 μg/ 
g creatinine). Higher total-DON levels were observed among (i) male 
participants from France and Germany, (ii) samples collected during 
spring and summer, (iii) individuals with lower educational attainment, 
(iv) residents in rural areas, (v) unemployed individuals in France, 
Luxembourg and Portugal, and (vi) individuals with higher consump
tion of cereals and bread. Overall, 12.3% of the participants exceeded 
the HBM-GV of 23 μg/L (Alvito et al., 2022; Mengelers et al., 2024), with 
country-specific exceedance rates ranging from 0.8% to 20.7%. Among 
the predictor variables considered, a lower educational level, residence 
in rural areas and higher consumption of cereals and bread were related 
to a higher exposure to total-DON.

Despite recent advances in exposure assessment, substantial knowl
edge gaps remain regarding internal exposure to a broad spectrum of 
mycotoxins, encompassing both regulated compounds such as DON and 
emerging mycotoxins such as tenuazonic acid (TeA), as well as the 
primary determinants driving population-level exposure variation 
(Visintin et al., 2023). Furthermore, analytical capacity remains a 
limiting factor. Improved and more sensitive methods are essential to 
expand the range of detectable mycotoxins and achieve lower limits of 
quantification, thereby enabling comprehensive population-level expo
sure mapping. The present study aimed to characterize, for the first time, 
the mycotoxin exposure profile of a national sample of Portuguese adults 
in early mid-life. Urine specimens were collected across all Portuguese 
regions, including the autonomous archipelagos of Madeira and the 
Azores, as part of the INSEF-ExpoQuim survey (2019–2020) (Gilles 
et al., 2022; Govarts et al., 2023), a cross-sectional study embedded 
within the Portuguese National Health Examination Survey (INSEF) 
(Nunes et al., 2019). Samples were analysed using an optimized and 
validated LC-MS/MS method capable of detecting 39 mycotoxins and/or 
their metabolites in urine. Furthermore, determinants of exposure, 
including sociodemographic characteristics and geographical location, 
were investigated to elucidate exposure pathways for chronic mycotoxin 
exposure.

2. Materials and methods

2.1. Study population and design

The present study used data and samples from the INSEF-ExpoQuim 
survey (Gilles et al., 2022; Govarts et al., 2023). For the INSEF- 
ExpoQuim survey, 863 potentially eligible INSEF participants (Nunes 
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et al., 2019) were selected and invited to participate. Inclusion criteria 
were: reside in Portugal in the 3 years prior to participation in the study, 
not institutionalized, aged between 28 and 39 years (in accordance with 
the HBM4EU framework that selected as target population young adults 
aged 25–39 years to ensure a relatively homogeneous group and 
comparability with age groups from other studies), with sufficient 
knowledge of Portuguese to be able to respond to the interview and 
having consented to be contacted for participation in future studies. The 
fieldwork was carried out between May 2019 and March 2020. The 
selected individuals received an invitation letter and were subsequently 
contacted by telephone to receive information on the study, schedule 
informed consent and sample collection, and schedule a telephone 
interview. First-morning urine samples were collected along with 
questionnaire data from 295 participants. Data were collected through 
computer-assisted telephone interviews using REDCap - Research Elec
tronic Data Capture software. The study INSEF-ExpoQuim was approved 
by the Data Protection Officer and by the Ethics Committee for Health of 
the National Institute of Health Doutor Ricardo Jorge and by the Ethics 
Committees of the healthcare institutions involved in sample and data 
collection.

2.2. Data and samples

Data collected through questionnaires included information on 
sociodemographic characteristics, living conditions and residential his
tory, habits/lifestyle, nutrition, health, occupation and specific infor
mation covering almost all exposure routes. First-morning urine (N =
295) was collected in a transparent container previously washed with a 
10% nitric acid solution according to the HBM4EU guidelines and stored 
at − 20 ◦C (Esteban López, 2018). Samples were thawed, shaken and 
homogenized before being aliquoted (500 μL) and stored at − 80 ◦C. The 
aliquots to be analysed were transported to the Centre of Excellence in 
Mycotoxicology and Public Health (CEMPH) laboratory at Ghent Uni
versity frozen under dry ice before further multiple mycotoxin analysis 
and creatinine determination.

2.3. Chemicals and reagents

Mycotoxin standards 3-acetyl-deoxynivalenol (3-ADON), 15-acetyl- 
deoxynivalenol (15-ADON), aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), 
aflatoxin G1 (AFG1), aflatoxin M1 (AFM1), beauvericin (BEAU), citrinin 
(CIT), cyclopiazonic acid (CPA), diacetoxyscirpenol (DAS), deoxy
nivalenol (DON), deoxynivalenol-3-glucoside (DON-3G), deepoxy- 
deoxynivalenol (DOM), enniatin A (ENNA), enniatin A1 (ENNA1), 
enniatin B (ENNB), enniatin B1 (ENNB1), fumonisin B1 (FB1), fumonisin 
B2 (FB2), fumonisin B3 (FB3), fusarenon-X (FUS-X), fully hydrolyzed- 
fumonisin B1 (HFB1), neosolaniol (NEO), ochratoxin-alpha (OTα), 
ochratoxin A (OTA), roquefortin C (ROQ-C), sterigmatocystin (STERIG), 
T-2 toxin (T-2), zearalanone (ZAN), zearalenone (ZEN), 13C17-Aflatoxin 
B1 (13C17-AFB1), 13C13-Citrinin (13C13-CIT), 13C15-Deoxynivalenol 
(13C15-DON), 13C34-Fumonisin B1 (13C34-FB1), 13C22-HT-2 toxin (13C22- 
HT-2), and 13C24-T-2 toxin (13C24-T-2) were purchased from Fermentek 
(Jerusalem, Israel). Aflatoxin G2 (AFG2), alternariol (AOH), alternariol 
monomethyl ether (AME), HT-2 toxin (HT-2), nivalenol (NIV), ten
uazonic acid (TeA), α-zearalanol (α-ZAL), β-zearalanol (β-ZAL), α-zear
alenol (α-ZEL), β-zearalenol (β-ZEL), 13C10-tenuazonic acid (13C10-TeA), 
were purchased from Sigma Aldrich (St. Louis, MO, USA). To correct for 
sample preparation and ultra-high performance liquid chromatography- 
tandem mass spectrometry (UHPLC-MS/MS) analysis variability, the 
13C-labelled standards were fully labelled and used as internal stan
dards when analysing urine samples.

Standards were combined into a mixture with varying concentra
tions, tailored to their linear range and biological relevance. Internal 
standards were either provided or dissolved in acetonitrile (ACN) solu
tion. The exact concentrations of the standards were verified using 
certificates of analysis or adjusted based on calibration with reference 

standards, ensuring precise and sensitive quantification. Ultrapure 
water was sourced from a purified-water system by Sartorius AG 
(Göttingen, Germany). Anhydrous magnesium sulfate (purity 98.6%) 
and sodium chloride (purity 100%) were purchased from VWR Inter
national (Radnor, PA, USA). Glacial acetic acid (LC-MS grade, purity 
99.95%), formic acid (LC-MS grade, purity 99%), absolute acetonitrile 
(LC-MS grade), and methanol (LC-MS grade) were purchased from 
BioSolve (Valkenswaard, The Netherlands). Sodium hydroxide (purity 
>99%) and ammonium acetate (purity ≥98%) were sourced from Merck 
(Darmstadt, Germany). Picric acid (1.3% in H₂O, saturated) and creat
inine powder (molecular weight = 113.12 g/mol) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA).

2.4. Human biomonitoring of multiple mycotoxins in urine

2.4.1. Urine sample pretreatment
Sample pretreatment for multiple mycotoxin determination in urine 

was based on a QuEChERS approach (Quick, Easy, Cheap, Effective, 
Rugged, Safe). The sample preparation was refined based on the previ
ously described protocols to enhance sensitivity and efficiency in 
quantification (Maris et al., 2025; Martins et al., 2019; Vidal, Claeys, 
et al., 2018). Initially, urine samples were acclimated at room temper
ature. Then, a volume of 450 μL from each sample was transferred into 
separate 15 mL Falcon tubes. To prepare a matrix-matched calibration 
curve, nine additional 15 mL Falcon tubes were labelled and filled with 
450 μL of control urine. These control urine samples were obtained from 
CEMPH (Ghent University) laboratory personnel and pooled. Standard 
addition was applied in case a mycotoxin was present in the control 
sample. For calibration curve preparation, varying volumes of the 
mycotoxin standard mixture were added to seven tubes. Each sample 
and eight of the calibration tubes were mixed with 30 μL of the internal 
standard solution and 4 mL of an extraction solvent consisting of formic 
acid, acetonitrile, and water (3:52:45, v/v/v). Next, 900 mg of magne
sium sulphate and 225 mg of sodium chloride were added to each tube, 
followed by vortexing for 2 min to facilitate extraction using an L46 
vortex mixer from Labinco (Breda, Netherlands). The tubes were then 
placed on an overhead shaker from Agitelec (Paris, France) for 30 min 
and centrifuged at 4000 × g for 6 min using a Multifuge 3 S-R centrifuge 
from Heraeus (Hanau, Germany). The supernatant was carefully trans
ferred into glass tubes and dried under a gentle nitrogen flow at 40 ◦C 
using a Turbovap LV system from Biotage (Uppsala, Sweden). The 
resulting dry residues were reconstituted in 100 μL of injection solvent 
(a 60:40 v/v mixture of mobile phase A and mobile phase B), vortexed 
for 2 min, and briefly centrifuged at 2100 × g. Particles were removed 
from the reconstituted solution by centrifugal filtration using a 0.22 μm 
PVDF Durapore® filter (Millipore, Cork, Ireland) and centrifugation at 
9000 × g for 5 min. The final filtrates were transferred into UPLC vials 
with insert, closed with a pre-cut septum cap, and gently tapped to 
remove any air bubbles, making them ready for analysis using LC-MS/ 
MS.

2.4.2. Instrumentation
LC-MS/MS analysis was carried out at Ghent University (CEMPH) 

using a Waters UPLC® system coupled with a Quattro XEVO TQ-XS mass 
spectrometer (Waters, Manchester, UK). Data collection and processing 
were managed using MassLynx™ version 4.2 and TargetLynx® version 
4.2 software (Waters, Manchester, UK). Chromatographic separation 
was achieved on a Waters Acquity UPLC I-Class system (Milford, MA, 
USA), utilizing an ACQUITY UPLC® HSS T3 column (2.1 × 100 mm, 1.8 
μm) along with an ACQUITY UPLC® HSS T3 VanGuard pre-column (2.1 
× 10 mm, 1.8 μm). Gradient elution involved mobile phase A, consisting 
of H2O, methanol, and acetic acid (94:5:1, v/v/v), and mobile phase B, 
made up of H2O, methanol, and acetic acid (2:97:1, v/v/v), both con
taining 5 mM ammonium acetate. The injection volume was set at 10 μL, 
and the autosampler temperature was maintained at 10 ◦C throughout 
the analysis. The chromatographic separation was conducted over a 
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runtime of 18 min with a constant flow rate of 0.3 mL/min. The gradient 
elution started with 95% mobile phase A, which was gradually reduced 
to 35% A within the first 7 min. Between 7 and 11 min, phase A was 
further lowered to 25%. By minute 13, mobile phase B was increased to 
99% and held constant for one minute. The gradient was then rapidly 
returned to the initial conditions of 95% A, with the system equilibrating 
until the end of the 18-min runtime. Multiple Reaction Monitoring 
(MRM) was used to ensure precise identification, with two specific 
transitions monitored per analyte and dwell time optimized for each. 
Both electrospray ionization in positive mode (ESI+) and negative mode 
(ESI− ) were utilized. The capillary voltage was adjusted to 3.0 kV for 
ESI+ and 2.5 kV for ESI− . The source and desolvation temperatures 
were maintained at 120 ◦C and 500 ◦C, respectively. Cone gas flow was 
set at 150 L/h, desolvation gas flow at 800 L/h, collision gas flow at 0.15 
mL/min, nebulizer pressure at 7 bar, with ion guide offsets of 3.0 and 0.3 
for offset 1 and offset 2, respectively.

2.4.3. Method validation
The UHPLC-MS/MS method was validated for the determination of 

39 mycotoxins and metabolites in urine according to European Medicine 

Agency guidelines by the International Council for Harmonisation for 
bioanalytical method validation (ICH M10) (European Medicines 
Agency (EMA), 2022). Validation experiments included determination 
of the limit of detection (LOD), lower limit of quantification (LLOQ), 
upper limit of quantification (ULOQ), within-run and between-run ac
curacy and precision assessed at two concentration levels (acceptance 
criteria: ±15% for QC levels and ± 20% at the LLOQ), and matrix factor 
evaluation across individual lots of the biological matrix to ensure 
consistent analyte signal suppression or enhancement. Selectivity was 
confirmed by analysing blank matrix samples from multiple sources to 
demonstrate absence of interfering peaks at the retention times of the 
analyte and internal standard. Carry-over was assessed using blank in
jections following the highest calibration standard, verifying that the 
analyte response did not exceed 20% of the LLOQ and 5% for the in
ternal standard. Method validation parameters are presented in Table 1. 
When mycotoxin concentrations in the sample exceeded the ULOQ, the 
sample was diluted and reanalysed to ensure accurate quantification 
within the validated calibration range.

Table 1 
Validation parameters of the combined urine extraction and instrument analysis method.

Detection capability Quantification range Recovery % Intermediate precision RSDwr% Repeatability RSDR%

LOD (ng/mL) LLOQ (ng/mL) ULOQ (ng/mL) X1 X2 X1 X2 X1 X2

3/15-ADON 0.25 0.46 50.00 100.9 103.3 14 7 15 6
AFB1 0.308 0.566 53.0 91.7 94.1 19 15 15 9
AFB2 0.012 0.022 4.70 94.6 103.0 16 4 16 4
AFG1 0.30 0.55 59.00 99.2 89.4 16 11 17 4
AFG2 0.017 0.032 3.45 97.4 104.7 16 10 16 9
AME 0.12 0.23 44.00 97.4 99.5 18 7 19 8
AOH 0.25 0.46 40.50 98.6 103.6 19 14 19 13
BEAU 0.0008 0.0015 0.49 94.2 99.0 10 15 12 14
CIT 0.012 0.022 9.55 98.2 100.6 8 4 8 4
CPA 0.12 0.22 50.00 104.7 103.7 14 13 13 10
DAS 0.0095 0.0174 0.50 99.9 99.1 14 3 16 2
DOM 0.15 0.27 50.00 92.7 103.8 20 14 16 14
Free-DON 0.11 0.23 44.50 101.5 104.7 15 13 17 10
DON-3G 0.12 0.23 48.50 94.1 96.7 17 11 17 9
ENN A 0.0011 0.0021 0.50 103.1 96.7 14 14 15 14
ENN A1 0.0011 0.0021 0.49 97.9 98.5 14 15 13 15
ENN B 0.0011 0.0021 0.49 98.3 100.6 14 9 12 9
ENN B1 0.0008 0.0015 0.50 97.5 99.0 11 11 11 12
FB1 0.15 0.28 5.95 111.0 102.7 7 9 8 9
FB2 0.081 0.15 8.20 110.9 103.9 3 6 3 6
FB3 0.22 0.40 12.45 110.5 103.3 5 8 5 8
FUSX 0.73 1.34 63.50 104.1 106.6 17 11 18 12
HFB1 0.13 0.23 50.00 94.5 99.4 17 13 17 11
HT2 0.029 0.054 27.00 97.4 99.1 7 2 7 2
NEO 0.072 0.132 65.50 99.4 104.4 7 10 7 10
NIV 1.30 2.40 52.50 101.3 103.3 18 9 19 10
OTA 0.013 0.023 6.30 99.3 101.0 12 15 14 15
OT-ALPHA 0.36 0.67 69.50 96.1 107.5 17 14 17 13
ROQ-C 0.27 0.49 100.00 92.7 89.2 18 14 17 9
STERIG 0.12 0.22 63.50 97.2 81.0 12 12 14 11
T2 0.0047 0.0087 0.50 98.7 100.1 15 5 13 4
TeA 0.78 1.43 50 115.3 91.8 15 8 8 6
α-ZAL 0.28 0.55 48.00 96.2 98.7 18 12 16 13
β-ZAL 0.42 0.77 52.50 97.7 101.2 13 13 14 13
ZAN 0.09 0.16 20.00 98.1 97.5 11 4 11 3
α-ZEL 0.27 0.50 44.50 101.0 99.2 19 15 17 14
β-ZEL 0.19 0.35 45.50 94.1 98.9 14 11 15 11
ZEN 0.06 0.12 77.50 97.4 98.5 5 6 5 6

3/15-ADON: 3- and 15-acetyl-deoxynivalenol; AFB₁: aflatoxin B₁; AFB₂: aflatoxin B₂; AFG₁: aflatoxin G₁; AFG₂: aflatoxin G₂; AME: alternariol monomethyl ether; AOH: 
alternariol; BEAU: beauvericin; CIT: citrinin; CPA: cyclopiazonic acid; DAS: diacetoxyscirpenol; DOM: deepoxy-deoxynivalenol; Free-DON: deoxynivalenol; DON-3G: 
deoxynivalenol-3-glucoside; ENN A: enniatin A; ENN A₁: enniatin A₁; ENN B: enniatin B; ENN B₁: enniatin B₁; FB₁: fumonisin B₁; FB₂: fumonisin B₂; FB₃: fumonisin B₃; 
FUSX: fusarenon-X; HFB₁: fully hydrolyzed fumonisin B₁; HT2: HT-2 toxin; NEO: neosolaniol; NIV: nivalenol; OTA: ochratoxin A; OT-α: ochratoxin alpha; ROQ-C: 
roquefortin C; STERIG: sterigmatocystin; T2: T-2 toxin; TeA: tenuazonic acid; α-ZAL: alpha-zearalanol; β-ZAL: beta-zearalanol; ZAN: zearalanone; α-ZEL: alpha- 
zearalenol; β-ZEL: beta-zearalenol; ZEN: zearalenone; LOD: limit of detection; LLOQ: lower limit of quantification; ULOQ: upper limit of quantification; RSDwr%: 
percentage relative standard deviation under intermediate precision conditions; RSDR%: percentage relative standard deviation under repeatability conditions; X1: 
lowest concentration level of the calibration standard that can be reliably quantified using the validated method (i.e. LLOQ); X2: highest concentration level of the 
calibration standard that can be reliably quantified using the validated method (i.e. ULOQ).
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2.4.4. Analysis of creatinine in urine
Measuring urinary creatinine levels is crucial for adjusting analyte 

concentrations, thereby ensuring accuracy and reliability of the results. 
Creatinine concentrations in urine were quantified at CEMPH, Ghent 
University, using an in-house developed and validated with reference 
material spectrophotometric method based on the Jaffe reaction (Maris 
et al., 2025). To prepare the picrate reagent, 3.05 g of NaOH was 
weighed and dissolved in 600 mL of ultrapure water, and then 300 mL of 
a 1.3% picric acid solution was added. For the calibration curve, 100.00 
mg of creatinine was measured using an analytical balance and dis
solved in 100 mL of ultrapure water using a volumetric flask. Calibration 
standards were prepared at the following concentrations: 0, 2, 5, 10, 20, 
50, 100, and 200 μg creatinine/mL. In a 96-well plate, 100 μL of each 
calibration standard was pipetted into duplicate wells, while 100 μL of 
diluted urine samples (1:20, urine:ultrapure water) were added in 
triplicate. A volume of 200 μL of the picric acid reagent was then added 
to each well. The plate was incubated for 15 min on an orbital shaker, 
protected from exposure to light. Following incubation, absorbance was 
measured at 520 nm using a SpectraMax M5 spectrophotometer (Mo
lecular Devices, San Jose, CA, USA). The creatinine quantification 
method was validated using inter-laboratory reference materials RV72 
and RV73 (creatinine in urine) provided by the German external quality 
assessment scheme (G-EQUAS, Erlangen, Germany). Data analysis was 
carried out with SoftMax PRO 7 software (Molecular Devices, San Jose, 
CA, USA).

2.5. Statistical analysis

Left-censored values (<LOD or < LLOQ) of mycotoxins with a 
detection rate above 75% were substituted using multiple imputation. 
For values <LOD, the imputed values were drawn below the LOD, while 
for values <LLOQ, the imputed values were drawn from the interval 
between the LOD and the LLOQ. A truncated lognormal distribution was 
fitted to the data of each for the biomarkers using the observed values 
above the limits. Afterwards, random values were imputed for the 
estimated distribution below the limits. Imputations were performed on 
log-transformed values to better approximate normality and then back- 
transformed for analysis. For the mycotoxins with a detection rate be
tween 5% and 10%, the quantifiable values were used to calculate 
descriptive statistics.

Descriptive statistics of free-DON and TeA levels (volume based and 
standardized for creatinine) (N, arithmetic mean (AM), geometric mean 
(GM) and 95% CI, percentiles P5, P10, P25, P50, P75, P90, P95 and 
maximum) were calculated. The normality of the distribution of free- 
DON and TeA levels was assessed using Kolmogorov-Smirnov (KS) 
normality tests. Exposure values for free-DON and TeA were stratified by 
sampling season, sex, educational level, degree of urbanization and 
occupational status (GM, P95 and their 95% confidence intervals were 
calculated). Differences between groups were assessed using Mann- 
Whitney and Kruskal-Wallis tests and multiple pairwise-comparisons 
using Wilcoxon rank sum tests with Bonferroni continuity correction. 
Multiple linear regression analyses were performed for log transformed 
imputed free-DON and TeA concentrations adjusted to creatinine as 
dependent variables and including all the sociodemographic variables as 
independent variables to adjust for their potential effect. The validity of 
the models was assessed, namely in respect to linearity of the data, 
normality of residuals, homogeneity of residuals variance and inde
pendence of residuals error terms. The beta coefficients of the multiple 
linear regression models were exponentiated to be presented as ratios of 
levels between the different categories.

A significance level of 0.05 was considered as statistically relevant 
for all the analysis. Statistical analysis was performed using the soft
wares SPSS v30, R v4.3.2 and R Studio 2024.12.1.

3. Results and discussion

3.1. Characterization of the study participants

A total of 295 participants were included in this study, and their 
characteristics are summarized in Table 2. The majority of the study 
participants were women (58%), compared with 42% men. Samples 
were collected throughout the year, with around half being collected 
during the summer (51.4%) and around one quarter in autumn (25.4%). 
The number of samples obtained during spring was lower than in the 
other seasons due to the interruption of the study fieldwork in March 
2020 caused by the COVID-19 pandemic (study fieldwork started in May 
2019 and was intended to continue through spring 2020). Educational 
level showed a skewed distribution toward higher qualifications: 20.0% 
of the participants reported low education (ISCED ≤2), 36.3% medium 
(ISCED 3–4), and 43.7% high (ISCED ≥5). This bias toward higher ed
ucation is typical of voluntary biomonitoring studies, as individuals with 
greater educational background demonstrate higher awareness of 
environmental health issues and, as such, have higher participation rates 
in surveys (Morrens et al., 2017). In terms of the area of residence, the 
distribution of the participants was well balanced, with slightly higher 
proportions of participants living in rural areas (35.9%) and towns/ 
suburbs (36.9%) compared with cities (27.1%). Most participants were 
employed (87.1%), as is to be expected for the age group (28–39 years) 
included in the study (OECD, 2019).

3.2. Occurrence of mycotoxins in urine

Human biomonitoring is a vital tool for assessing exposure to envi
ronmental chemicals, enabling the tracking of exposure trends over time 
and the identification of population groups at higher risk. The present 
study, conducted as part of the INSEF-ExpoQuim study (2019–2020) 
(Gilles et al., 2022; Govarts et al., 2023), represents the first HBM study 
in Portugal aimed to detect multiple mycotoxins in a national sample of 

Table 2 
Characterization of the study participants.

Variable Category N %

Sex Female 171 58.0
Male 124 42.0

Age (years) Mean (Min-Max) 34.6 (28–39)
Sampling season Winter 52 17.6

Spring 16 5.4
Summer 152 51.5
Autumn 75 25.4

Educational level* Low (ISCED 0–2) 59 20.0
Medium (ISCED 3–4) 107 36.3
High (ISCED ≥5) 129 43.7

Degree of urbanization Cities 80 27.1
Towns/suburbs 109 36.9
Rural areas 106 35.9

NUTS2 region** North (PT11) 46 15.6
Algarve (PT15) 30 10.2
Centre (PT16) 49 16.6
Lisbon and Tagus Valley (PT17) 25 8.5
Alentejo (PT18) 47 15.9
Azores (PT20) 62 21.0
Madeira (PT30) 36 12.2

Occupational status Working 257 87.1
Not working 20 6.8
No information 18 6.1

* Classification according to the International Standard Classification of Edu
cation 2011 (ISCED 2011). ** Classification according to the classification from 
EUROSTAT (2003) (Regulation (EC) No 1059/2003 of the European Parliament 
and of the Council of 26 May 2003 on the Establishment of a Common Classi
fication of Territorial Units for Statistics (NUTS), 2003 (European Parliament 
and Council of the European Union, 2003); UNESCO Institute for Statistics, In
ternational Standard Classification of Education - ISCED, 2011 (UNESCO 
Institute for Statistics, 2011)).

E. Maris et al.                                                                                                                                                                                                                                   Food Research International 242 (2026) 119820 

5 



295 early mid-life adult participants from the Portuguese population, 
including the islands. Fig. 1 shows the detection frequencies and co- 
exposures for mycotoxins found in the whole set of first-morning urine 
samples analysed. Out of the 39 mycotoxin or metabolites analysed, 
free-DON and TeA were most frequently detected, with 84.7% and 
95.6% positive samples, respectively. CIT (11.5%), α-ZEL (10.5%) and 
OTA (9.5%) showed detection rates near 10%. Detection frequencies 
between 1% and 5% were observed for β-ZAL (4.1%), α-ZAL (3.7%), ZEN 
(1.7%), β-ZEL (1.4%) and AFB2 (1.4%). For AFB1, DON-3G and ENNB 
the frequency of detection was 1%, while AFM1, AFG2, AME, DOM, 
ENNB1, FUSX, OTα were found in 0.3–0.7% of the samples. The 
remaining assayed mycotoxin metabolites (3ADON + 15ADON, AFG1, 
AFG2, AOH, BEAU, CPA, DAS, ENNA, ENNA1, FB1, FB2, FB3, HFB1, T2, 
HT2, NEO, NIV, ROQ-C, STERIG and ZAN) were not detected in any of 
the urine samples analysed. Table S-1 summarizes the distribution of co- 
exposures in the study population, showing how often each number of 
concurrent exposures occurred and the corresponding prevalence of 
detection. The number of co-exposures to mycotoxins in the Portuguese 
population ranged from 0 to 5 (Table S-2), with simultaneous exposures 
to two mycotoxins being the most common (n = 160, 54.2%). Among the 
study population, 160 individuals (Table S2) were exposed to two my
cotoxins, of whom 146 were co-exposed exclusively to free-DON and 
TeA (Fig. 1, right panel). Overall, 242 out of 295 participants (82.0%) 
showed combined exposure to free-DON and TeA, although this co- 
exposure was not always limited to these two mycotoxins and could 
also include additional compounds. Notably, in 49.5% of participants, 
free-DON and TeA were the only mycotoxins detected. These findings 
highlight the importance of considering emerging mycotoxins, such as 
TeA, alongside regulated ones, such as free-DON, in exposure assess
ment frameworks. Recently, Guo et al. have demonstrated that DON and 
TeA co-occurrence exacerbates the disruption of overall metabolic bal
ance, potentially impairing the normal function of cells by affecting 
energy production, protein synthesis, and cell proliferation (Guo et al., 
2025). Overall, although human exposure levels estimated in this 
study for DON and TeA are below those associated with in vitro syner
gistic toxicity, potential health risks, particularly under repeated, long- 
term and combined exposure, cannot be excluded. These findings rein
force the importance of continued biomonitoring efforts and further 
toxicological studies to better characterize the combined effects of these 
mycotoxins on human health.

Our results are consistent with previous biomonitoring studies 

conducted in European countries such as Belgium, Germany, Norway, 
and Portugal, where co-exposures to several mycotoxins were shown to 
frequently occur, often originating from diverse dietary sources and 
reflecting overlapping contamination profiles in staple foods 
(Heyndrickx et al., 2015; Martins et al., 2019; Schmidt, Cramer, et al., 
2021; Wallin et al., 2015). Furthermore, the combined deleterious ef
fects from co-exposure can lead to additive or synergistic effects that 
should be considered for their regulation (van den Brand et al., 2022; 
Zingales et al., 2024).

Table 3 presents exposure biomarkers concentrations expressed both 
as volume-weighted concentration (μg/L) and creatinine-adjusted 
values (μg biomarker/g creatinine) for mycotoxins with a detection 
frequency higher than 5%. Multiple imputation was used to handle left- 
censored data for the biomarkers with high detection frequencies. 
Although multiple imputation introduces additional uncertainty and 
relies on distributional assumptions, this strategy was used only for free- 
DON that had a detection frequency of 84.7% and for TeA that had a 
detection frequency of 95.6%. A sensitivity analysis using a simpler 
substitution method, namely the substitution by half the limit was per
formed and yielded comparable results, supporting the robustness of the 
results presented.

Median concentrations (P50) for the two predominant mycotoxins 
were 0.79 μg/L (0.72 μg/g creatinine) for free-DON and 2.45 μg/L (2.08 
μg/g) for TeA, with maximum values of 11.77 μg/L (10.06 μg/g creat
inine) and 90.91 μg/L (114.15 μg/g creatinine), respectively.

Recent HBM studies in Europe (Table S-3) reported urinary free-DON 
concentrations of similar magnitude to the one observed in the present 
study, namely, a median of 0.49 μg/L in a multicentre survey across four 
European countries (Netherlands, Belgium, Norway and Czech Repub
lic) (De Ruyck et al., 2020) and 0.94 μg/L (0.55 μg/g creatinine) in an 
occupational survey in Norway (Martins et al., 2025). On the other 
hand, the 2015–2016 Portuguese biomonitoring survey, conducted as 
part of the National Food, Nutrition and Physical Activity Survey (IAN- 
AF), that has included 94 adult participants from northern Portugal, 
detected free-DON in 30% of first-morning urine samples with a median 
concentration of 0.38 μg/L (0.48 μg/g creatinine) (Martins et al., 2019). 
These prior Portuguese data and the current data were substantially 
lower than the median concentration of total-DON (including free-DON, 
3- and 15-glucuronides, and DON-3G) in urine reported for the pooled 
European database during the exposure assessment of the European 
adult population conducted under the HBM4EU Aligned Studies, which 

Fig. 1. Visualization of mycotoxin co-exposures in the study population (N = 295). The left panel displays the detection frequency (%) of individual mycotoxins, 
while the right panel (UpSet plot) shows co-occurrence patterns, ranked from the most to least common combinations; numbers indicate the corresponding counts 
(n). TeA: tenuazonic acid; DON: deoxynivalenol; CIT: citrinin; α-ZEL: alpha-zearalenol; OTA: ochratoxin A; β-ZAL: beta-zearalanol; α-ZAL: alpha-zearalanol; ZEN: 
zearalenone; β-ZEL: beta-zearalenol; AFB₂: aflatoxin B₂; ENN B: enniatin B; DON-3G: deoxynivalenol-3-glucoside; AFB₁: aflatoxin B₁; AFM₁: aflatoxin M₁; OTα: 
ochratoxin alpha; FUS-X: fusarenon-X; ENN B₁: enniatin B₁; DOM: deepoxy-deoxynivalenol; AME: alternariol monomethyl ether.
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was 5.97 μg/L, and the median concentrated reported for Portugal 
which was 7.99 μg/L (Namorado et al., 2024). Other studies reported 
total-DON concentrations of 5.10–6.90 μg/L in Norway (Eriksen et al., 
2021), 12.00 μg/L in Sweden (Schmidt, Lindemann, et al., 2021), and 
4.58 μg/L (5.05–6.07 μg/g creatinine) in Italy (De Santis et al., 2019). 
These markedly higher values are expected, as total-DON accounts for 
conjugated metabolites that are not captured when measuring free-DON 
alone. Therefore, comparisons between studies assessing free-DON and 
total-DON should be made cautiously, as they reflect different exposure 
metrics. According to the European Food Safety Authority, the estimated 
mean chronic dietary exposure to DON in adults is at levels that may 
pose a health concern, including immunotoxic and reprotoxic effects 
(EFSA Panel on Contaminants in the Food Chain (CONTAM) et al., 
2017). In vitro studies have generated some conflicting results as to its 
genotoxicity, but in vivo studies integrating the analysis of DNA and 
chromosome damage showed that DON is not genotoxic in rodents, 
following oral exposure (Le Hégarat et al., 2014). It is worth mentioning 
that DON is considered as not carcinogenic (EFSA Panel on 
Contaminants in the Food Chain (CONTAM) et al., 2017; International 
Agency for Research on Cancer (IARC), 1993). However, studies indi
cate that the presence of DON in the diet can exacerbate the genotoxicity 
of gut microbiota, also raising questions about the synergistic effects 
between food contaminants and gut microbiota regarding intestinal 
carcinogenesis (Payros et al., 2017). These findings underscore the 
importance of continued research using standardized mycotoxin stan
dards (parent and metabolites compounds) and analytical methods to 
ensure accurate monitoring, facilitate cross-study comparisons, and 
assess potential trends in exposure to multiple mycotoxins among the 
general population, as well as the associated health risks.

Concerning TeA, the median concentration observed in this study 
was slightly lower than in other reports (Table S-3), namely 3.50 μg/L in 
a multicentre survey across four European countries (De Ruyck et al., 
2020) and 3.60 μg/L for the Sweden population (Schmidt, Lindemann, 
et al., 2021), the last including TeA and its epimer allo-TeA measured 
in dried urine spots. Variability in study parameters, including number 
of study participants, population groups, analytical methods and limits 
of quantification among others, likely contribute to these differences 
and hampers direct comparisons. The toxicokinetics and toxicological 
data available for TeA are still limited. After oral exposure, TeA seems to 
be rapidly absorbed, distributed and excreted in urine within 24 h, 
either in humans or in rodents (Asam et al., 2013; Puntscher et al., 2019; 
Visintin et al., 2025). In contrast with other Alternaria toxins, TeA has 
not evidenced endocrine disruptive, immunotoxic or genotoxic effects in 
vitro. However, its mutagenic potential is unclear, due to negative and 
positive results reported in mutation assays in bacteria and mammalian 
cells, respectively (Louro et al., 2023).

In conclusion, this work confirms ubiquitous DON exposure across 
European populations and highlights the emergence of Alternaria 

toxins, underscoring their inclusion in routine monitoring.
In contrast to free-DON, TeA was included for the first time in a HBM 

survey conducted on the Portuguese population and was detected in 
95.6% of the participants, with a median concentration of 2.45 μg/L 
(2.08 μg/g creatinine). Interestingly, AOH, another Alternaria toxin, was 
previously detected in 13% of the participants from the IAN-AF study, 
with a median value of 0.21 μg/L (0.18 μg/g creatinine), but was not 
detected in the current study. The EFSA Panel on Contaminants in the 
Food Chain (CONTAM) adopted a scientific opinion in 2011 on the risks 
posed by Alternaria presence in food to animal and public health (EFSA 
Panel on Contaminants in the Food Chain (CONTAM), 2011). More 
recently, EFSA published a scientific report on the dietary exposure 
assessment of Alternaria toxins in the European population (Arcella 
et al., 2016), concluding that the estimated chronic dietary exposure 
to the Alternaria toxins AOH, AME and TeA exceeds the relevant 
threshold of toxicological concern, highlighting the need for additional 
compound-specific toxicity data. As a result, the European Commission 
established an indicative value for monitoring Alternaria toxins in food 
(European Commission, 2022). Regulatory bodies use a threshold of 
toxicological concern (TTC) of 1500 ng/kg bw per day for risk assess
ment purposes.

CIT was the third most frequently detected mycotoxin, although it 
was only detected in 11.5% of the samples with a median concentration 
of 0.04 μg/L (0.04 μg/g creatinine) among positive samples. This 
detection frequency falls between previously reported values in South
ern Europe. A multi-country European survey documented CIT detection 
in 14.4% of samples with a median concentration of 0.62 μg/L among 
positive samples (De Ruyck et al., 2020), approximately 15-fold higher 
than the value determined in the present study. Similarly, a recent 
Spanish biomonitoring study reported CIT detection in 20% of the 
samples with a mean concentration of 0.56 μg/L among positive samples 
(Peris-Camarasa, Coscollà, et al., 2025), also substantially exceeding 
Portuguese levels. The earlier 2015–2016 Portuguese IAN-AF survey 
reported lower CIT detection frequency (2%), although the median 
concentration among the positive samples (0.75 μg/L; 1.03 μg/g creat
inine) (Martins et al., 2019) was also higher than in the present study 
(Table S-3). Notably, CIT prevalence in all Portuguese surveys remain 
substantially lower than in Northern and Central European populations 
(e.g. Germany, Belgium), where detection frequencies of 59–100% and 
median concentrations in the range 0.18–0.60 μg/L have been docu
mented (Degen et al., 2023; Heyndrickx et al., 2015).

The fourth most detected mycotoxin was α-ZEL, that was detected in 
10.5% of samples with a median concentration of 3.78 μg/L (3.32 μg/g 
creatinine) among positive samples. Detection frequency was similar to 
a multi-country European survey (9.0%), yet the median in the Euro
pean study was 27.80 μg/L (De Ruyck et al., 2020), approximately 7-fold 
exceeding the present study. The 2015–2016 Portuguese IAN-AF survey 
reported lower α-ZEL detection frequency (5%), although the median 

Table 3 
Concentrations in μg/L and μg/g creatinine for mycotoxins detected in more than 5% of the urine samples (N = 295).

Mycotoxins in urine % DF % > LOQ AM GM GM 95% CI P5 P10 P25 P50 P75 P90 P95 Max

Free-DON (μg/L) 84.7 73.2 1.63 0.63 0.52–0.75 0.04 0.06 0.15 0.79 2.26 4.43 5.75 11.77
Free-DON (μg/g creatinine) – – 1.24 0.54 0.46–0.65 0.04 0.06 0.18 0.72 1.66 2.95 4.40 10.06
TeA (μg/L) 95.6 69.8 4.68 2.41 2.11–2.75 0.39 0.54 1.17 2.45 5.36 10.40 16.56 90.91
TeA (μg/g creatinine) – – 4.05 2.10 1.84–2.38 0.33 0.49 1.00 2.08 4.26 8.91 15.51 114.15
CIT (μg/L) 11.5 7.8 0.12* 0.04* – – – – 0.04* – – – 1.59
CIT (μg/g creatinine) – – 0.09* 0.04* – – – – 0.04* – – – 0.79
α-ZEL (μg/L) 10.5 10.2 11.9* 4.07* – – – – 3.78* – – – 112.71
α-ZEL (μg/g creatinine) – – 12.8* 3.40* – – – – 3.32* – – – 204.82
OTA (μg/L) 9.5 9.2 0.27* 0.12* – – – – 0.12* – – – 2.66
OTA (μg/g creatinine) – – 0.17* 0.09* – – – – 0.08* – – – 1.21

DON: deoxynivalenol; TeA: tenuazonic acid; CIT: citrinin; α-ZEL: alpha-zearalenol; OTA: ochratoxin A; DF: Detection frequency; LOQ: Limit of Quantification; AM: 
Arithmetic mean; GM: Geometric mean; 95% CI: 95% Confidence Interval; P5: percentile 5; P10: percentile 10; P25: percentile 25; P50: percentile 50; P75: percentile 
75; P90: percentile 90; P95: percentile 95; Max – Maximum; *value was obtained using only positive samples as no imputation method was used due to the low 
frequency of detection.
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concentration (2.70 μg/L; 2.14 μg/g creatinine) (Martins et al., 2019) 
was remarkably similar to the present study (Table S-3), suggesting 
relatively stable α-ZEL exposure levels in Portuguese adults across the 
four-year period between the two studies.

OTA was detected in 9.5% of the samples, with a median concen
tration of 0.12 μg/L (0.08 μg/g creatinine) among positive samples. OTA 
detection frequency in the present study was substantially lower than 
reported in previous European biomonitoring investigations. A multi- 
country European survey documented a 25.5% detection frequency 
with a median concentration of 1.64 μg/L (De Ruyck et al., 2020), more 
than 13-fold higher than the present study. A HBM study in Sweden 
reported markedly higher OTA detection frequency (74%) despite lower 
median concentration (0.040 μg/L) (Schmidt, Lindemann, et al., 2021), 
indicating regional or dietary differences in OTA exposure determinants. 
The 2015–2016 Portuguese IAN-AF survey reported a higher OTA 
detection frequency (27%) compared to the present study (Martins et al., 
2019). The median OTA concentration in the present study represents an 
approximately 17-fold higher exposure compared to the IAN-AF median 
(0.007 μg/L; 0.008 μg/g creatinine), suggesting that OTA exposure in 
Portuguese adults may be higher than initially suggested by the IAN-AF 
survey.

Nevertheless, comparisons of detection frequencies across studies 
should be interpreted with caution, as they may be influenced by 

methodological differences, including analytical sensitivity, sampling 
strategies, and urine normalization approaches.

3.3. Sociodemographic determinants of free-DON and TeA exposure

Table 4 summarizes the distribution of free-DON concentrations in 
urine according to sociodemographic variables. Significantly higher GM 
values were observed among males compared with females (0.80 vs 
0.52 μg/L, respectively, p = 0.020), although the statistical significance 
was lost after adjustment for creatinine (0.60 vs 0.51 μg/g creatinine, p 
= 0.495). Samples collected during spring exhibited notably higher GM 
values (0.96 μg/g creatinine, p = 0.085) compared with those obtained 
in winter, autumn and summer (0.40, 0.51 and 0.59 μg/g creatinine, 
respectively). Seasonal differences in creatinine-adjusted urinary free- 
DON concentrations were further explored using Dunn's post-hoc test 
following a Kruskal–Wallis test. A statistically significant difference was 
observed between spring and winter (p = 0.021). In addition, a 
borderline difference was noted between summer and winter (p =
0.066). No significant differences were detected for the remaining sea
sonal comparisons.

In terms of educational level, participants with higher education 
presented significantly lower GM levels (0.39 μg/g creatinine, p =
0.002) than those with medium or low education (0.72 and 0.68 μg/g 

Table 4 
Distribution of free-DON in urine in μg/L and μg/g creatinine per sociodemographic variables.

Variable Category Free-DON in urine (μg/L) Free-DON in urine (μg/g creatinine)

n GM 
[95%CI]

P95 
[95%CI]

p n GM 
[95%CI]

P95 
[95%CI]

p

Sampling season Winter 52 0.49 
[0.31–0.80]

4.95 
[2.89–5.25]

0.276a 52 0.40 
[0.27–0.65]

2.88 
[2.15–7.30]

0.085a

Spring 16 1.11 
[0.49–2.44]

- 
[− ]

​ 16 0.96 
[0.46–2.08]

- 
[− ]

​

Summer 152 0.64 
[0.50–0.89]

7.97 
[5.45–10.51]

​ 152 0.59 
[0.47–0.79]

5.84 
[4.14–6.51]

​

Autumn 75 0.62 
[0.44–0.87]

4.34 
[3.46–7.07]

​ 75 0.51 
[0.38–0.72]

3.11 
[2.46–4.18]

​

Sex Female 171 0.52 
[0.40–0.67]

5.35 
[4.15–6.49]

0.020b 171 0.51 
[0.40–0.64-]

3.70 
[2.93–5.15]

0.495b

Male 124 0.80 
[0.66–1.18]

7.94 
[5.34–8.95]

​ 124 0.60 
[0.51–0.88]

5.69 
[3.58–7.30]

​

Educational level Low 
(ISCED 0–2)

59 0.85 
[0.54–1.34]

8.02 
[6.76–8.50]

0.002a 59 0.68 
[0.44–1.06]

5.49 
[4.39–6.10]

0.002a

Medium 
(ISCED 3–4)

107 0.83 
[0.64–1.14]

6.84 
[4.63–9.83]

​ 107 0.72 
[0.58–0.99]

4.80 
[3.04–8.39]

​

High 
(ISCED ≥5)

129 0.43 
[0.34–0.61]

5.34 
[3.90–5.73]

​ 129 0.39 
[0.32–0.54]

3.23 
[2.60–5.34]

​

Degree of urbanization Cities 80 0.73 
[0.48–1.02]

7.07 
[4.54–9.38]

0.552a 80 0.58 
[0.40–0.80]

4.14 
[2.72–5.97]

0.776a

Towns/suburbs 109 0.58 
[0.45–0.85]

5.83 
[4.23–7.54]

​ 109 0.50 
[0.40–0.74]

5.49 
[3.04–6.16]

​

Rural areas 106 0.60 
[0.46–0.87]

6.60 
[4.99–10.66]

​ 106 0.57 
[0.44–0.79]

4.43 
[3.20–8.39]

​

NUT2 region North (PT11) 46 0.56 
[0.35–0.85]

3.43 
[2.63–3.58]

0.007a 46 0.47 
[0.31–0.72]

2.53 
[1.51–2.75]

0.001a

Algarve (PT15) 30 0.98 
[0.50–1.92]

8.80 
[5.92–10.70]

​ 30 0.76 
[0.40–1.44]

6.82 
[3.23–9.12]

​

Centre (PT16) 49 0.36 
[0.23–0.55]

4.33 
[2.49–5.50]

​ 49 0.33 
[0.22–0.49]

2.53 
[1.66–2.83]

​

Lisbon and Tagus Valley (PT17) 25 0.54 
[0.25–1.00]

5.08 
[4.05–5.25]

​ 25 0.40 
[0.19–0.70]

2.89 
[2.40–2.93]

​

Alentejo (PT18) 47 0.49 
[0.33–0.90]

6.70 
[4.23–11.11]

​ 47 0.41 
[0.30–0.76]

5.15 
[2.80–6.51]

​

Azores (PT20) 62 0.95 
[0.69–1.70]

9.12 
[5.92–11.77]

​ 62 0.86 
[0.66–1.50]

6.32 
[4.44–10.06]

​

Madeira (PT30) 36 0.80 
[0.48–1.29]

6.13 
[3.99–8.05]

​ 36 0.79 
[0.50–1.20]

5.85 
[3.32–7.30]

​

Occupational status Working 257 0.63 
[0.52–0.77]

5.92 
[− ]

0.798a 257 0.55 
[0.46–0.67]

4.45 
[− ]

0.600a

Not working 20 0.79 
[0.42–1.52]

11.43 
[4.80–11.77]

​ 20 0.74 
[0.41–1.34]

7.87 
[2.81–8.13]

​

DON: deoxynivalenol; GM: Geometric mean; 95% CI: 95% Confidence Interval; P95: percentile 95; a: Kruskal-Wallis Test; b: Mann-Whitney Test.
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creatinine, respectively). Pairwise comparisons using Dunn's post-hoc 
test indicated significantly higher concentrations of free-DON in in
dividuals with low education compared to high education (p = 0.005) 
and in individuals with medium education compared to high education 
(p = 0.003). No significant differences were detected for the remaining 
pairwise comparisons. The present findings agree with those reported by 
Namorado et al. (2024) in one of the few studies conducted in Portugal 
that evaluated the association between mycotoxin levels in urine and 
sociodemographic variables under the HBM4EU Aligned Studies 
(Namorado et al., 2024). This work reported associations between total- 
DON concentrations and the participants' level of education, showing 
that participants with lower educational attainment had higher total- 
DON levels than those with higher education, similarly to what was 
observed in the current study.

Concerning the degree of urbanization of the residence area, no 
significant differences were observed (p = 0.776).

Regional differences in creatinine-adjusted urinary free-DON con
centrations were observed across Portuguese NUTS2 regions (Krus
kal–Wallis p = 0.001), with participants from the southern region and 
the archipelagos exhibiting the highest exposure values, including 
Algarve (0.76 μg/g creatinine), the Azores (0.86 μg/g creatinine), and 
Madeira (0.79 μg/g creatinine), respectively (Fig. 2, left). Subsequent 
Dunn's post-hoc analyses identified several statistically significant 
pairwise differences, notably between Central Portugal and the Azores 
(p < 0.001), Central Portugal and Algarve (p = 0.005), Alentejo and the 
Azores (p = 0.005), Central Portugal and Madeira (p = 0.010), Northern 
Portugal and the Azores (p = 0.017), the Lisbon Metropolitan Area and 
the Azores (p = 0.019), and Alentejo and Algarve (p = 0.041). In addi
tion, borderline differences were observed between Algarve and the 
Lisbon Metropolitan Area (p = 0.069), Northern Portugal and Algarve (p 
= 0.086), and Alentejo and Madeira (p = 0.081). Taken together, these 
findings indicate pronounced regional variability in free-DON exposure, 
with consistently higher levels observed in southern Portugal and the 
archipelagos compared with other mainland regions.

Concerning the occupational status of the participants, working in
dividuals presented lower free-DON exposure than non-employed in
dividuals (0.55 vs 0.74 μg/g creatinine), although the difference was not 
statistically significant (p = 0.600).

Table 5 presents the distribution of TeA concentrations in urine ac
cording to sociodemographic variables. Higher TeA levels were 
observed in men (2.34 vs 1.93 μg/g creatinine), although the difference 
observed between both sexes was not statistically significant (p =
0.147). TeA concentrations were also higher in samples collected during 
spring and summer (2.56 and 2.38 μg/g creatinine) compared with those 
from winter and autumn (1.69 and 1.80 μg/g creatinine, p = 0.073). 

Similarly to the analysis done for free-DON, pairwise comparisons 
showed that exposure to TeA in summer was significantly higher than 
that occurring in autumn (p = 0.042) and winter (p = 0.048). No sta
tistically significant differences were observed between the values ob
tained in the other seasonal pairs.

Participants with higher education presented significantly lower GM 
concentrations (1.71 μg/g creatinine, p = 0.001) than those with me
dium or low education (2.13 and 3.15 μg/g creatinine, respectively). 
Pairwise comparisons using Dunn's post-hoc test indicated significantly 
higher concentrations in individuals with low education compared to 
high education (p < 0.001) and in individuals with low education 
compared to medium education (p = 0.019). No significant differences 
were detected for the remaining pairwise comparisons.

Concerning the degree of urbanization of the residence location, 
although higher TeA exposure was observed in individuals living in rural 
areas (2.50 μg/g creatinine vs 1.78 and 1.99 μg/g creatinine for cities 
and towns/suburbs, respectively), the differences observed did not 
present statistical significance (p = 0.147).

Regional differences in creatinine-adjusted urinary TeA concentra
tions were evaluated across Portuguese NUTS2 regions using the Krus
kal–Wallis test, followed by Dunn's post-hoc comparisons. Significantly 
lower TeA levels were detected in the Lisbon Metropolitan Area (1.22 
μg/g creatinine) and in Northern Portugal (1.64 μg/g creatinine), 
compared with several other regions. One hypothesis is that participants 
from the Lisbon area consume fewer TeA-contributing foods or obtain 
these products more often through large retailers with centralized 
sourcing and quality control, and quicker storage turnover, potentially 
reducing contamination. Pairwise analyses revealed statistically signif
icant differences between the Lisbon Metropolitan Area and Central 
Portugal (p = 0.003), the Lisbon Metropolitan Area and Alentejo (p =
0.008), the Lisbon Metropolitan Area and the Azores (p = 0.010), and 
between Northern Portugal and Central Portugal (p = 0.031). In addi
tion, borderline differences were observed between Northern Portugal 
and Alentejo (p = 0.072), the Lisbon Metropolitan Area and Madeira (p 
= 0.073), and Northern Portugal and the Azores (p = 0.092). Fig. 2
(right) shows the spatial distribution of creatinine-adjusted TeA con
centrations across Portuguese NUTS II regions.

Concerning the occupational status of the participants, although 
higher TeA levels were observed among non-working individuals, this 
difference did not reach statistical significance (p = 0.518).

Results from a multiple linear regression analysis for free-DON 
concentrations adjusted for creatinine are presented in Table 6. No 
significant differences were observed by sex (p = 0.117) or age (p =
0.509). The sampling season was also not significantly associated with 
the outcome, although a borderline higher estimate was observed for 

Fig. 2. Spatial distribution of urinary exposure across Portuguese NUTS II regions. The left panel shows regional geometric mean (GM) concentrations of free- 
deoxynivalenol (DON), and the right panel shows regional GM concentrations of tenuazonic acid (TeA) (μg/g creatinine). Colours indicate increasing exposure 
levels. Mainland Portugal is shown together with the autonomous regions of the Azores and Madeira. NUTS II boundaries were obtained from Eurostat.

E. Maris et al.                                                                                                                                                                                                                                   Food Research International 242 (2026) 119820 

9 



spring (β = 1.489 [95%CI: 0.894–11.142]; p = 0.074) compared to 
winter, in accordance with the results from the univariate analysis. 
Educational level showed a significant association, with individuals with 
medium education presenting higher levels compared to the high edu
cation reference group (β = 1.478 [95%CI: 1.143–2.554]; p = 0.009), 
while no significant differences were observed for low education. Degree 
of urbanization and occupational status were not significantly associ
ated with the free-DON concentrations. Regarding regional variation, 
significantly higher levels were observed among participants from the 
Azores (β = 2.021 [95%CI: 1.734–5.515]; p < 0.001) and Madeira (β =
1.685 [95%CI: 1.438–5.695]; p = 0.003) compared to the Centre 
reference region in accordance with the results from the univariate 
analysis, whereas no statistically significant differences were found for 
the remaining regions. Overall, results confirmed that the geographic 
region and the educational attainment were the primary sociodemo
graphic predictors of the free-DON concentrations.

Results from the multiple linear regression analysis for the TeA 
concentrations adjusted to creatinine are presented in Table 7. No sig
nificant differences were observed according to sex (p = 0.147) or age (p 
= 0.596). Similarly, sampling season did not show a significant associ
ation, although higher estimates were observed for spring (β = 1.345 
[95%CI: 0.727–4.897]; p = 0.191) compared to winter (reference 
category). Educational level emerged as one for the only significant 

predictors of TeA concentrations, with individuals with low education 
showing significantly higher levels compared to the high education 
group (β = 1.511 [95%CI: 1.131–2.347]; p = 0.009), while no signifi
cant differences were found for medium education. No significant as
sociations were identified for degree of urbanization or occupational 
status. Regarding regional differences, participants from the Algarve 
presented significantly lower levels compared to the Centre reference 
region (β = 0.629 [95%CI: 0.243–0.945]; p = 0.034), while a borderline 
association was observed for Lisbon and Tagus Valley (β = 0.683 [95% 
CI: 0.256–1.021]; p = 0.057). No significant differences were observed 
for the remaining regions.

4. Conclusions

The present results confirmed mycotoxins as part of the human 
exposome of the Portuguese population reinforcing the need for further 
studies regarding the characterization of the other determinants of 
exposure and the assessment of the risk associated with this exposure. 
Co-occurrence of several mycotoxins was observed in the analysed 
samples, pointing also to the need to assess the effects of combined 
exposure.

The observed concentrations of urinary free-DON and TeA were 
within the same order of magnitude as the concentrations reported in 

Table 5 
Distribution of TeA in urine in μg/L and μg/g creatinine per sociodemographic variables.

Variable Category TeA in urine (μg/L) TeA in urine (μg/g creatinine)

n GM 
[95%CI]

P95 
[95%CI]

p n GM 
[95%CI]

P95 
[95%CI]

p

Sampling season Winter 52 2.06 
[1.60–3.15]

14.09 
[7.59–32.27]

0.272a 52 1.69 
[1.34–2.60]

14.63 
[6.34–16.45]

0.073a

Spring 16 2.94 
[1.71–4.14]

- 
[− ]

​ 16 2.56 
[1.55–3.67]

- 
[− ]

​

Summer 152 2.62 
[2.24–3.16]

14.12 
[11.39–18.51]

​ 152 2.38 
[2.05–2.84]

13.70 
[9.43–16.65]

​

Autumn 75 2.17 
[1.56–3.06]

23.26 
[17.68–51.24]

​ 75 1.80 
[1.33–2.55]

16.97 
[11.69–76.03]

​

Sex Female 171 2.00 
[1.66–2.40]

14.87 
[11.58–18.17]

0.002b 171 1.93 
[1.62–2.32]

15.12 
[10.43–16.67]

0.147b

Male 124 3.11 
[2.77–4.06]

16.66 
[12.21–32.27]

​ 124 2.34 
[2.10–3.06]

16.09 
[8.03–16.47]

​

Educational level Low 
(ISCED 0–2)

59 3.90 
[2.93–5.20]

22.72 
[16.07–31.78]

<0.001a 59 3.15 
[2.39–4.14]

16.09 
[14.33–17.20]

0.001a

Medium 
(ISCED 3–4)

107 2.46 
[1.97–3.19]

20.71 
[13.40–28.50]

​ 107 2.13 
[1.75–2.78]

16.25 
[9.30–18.79]

​

High 
(ISCED ≥5)

129 1.90 
[1.60–2.36]

12.77 
[7.93–17.68]

​ 129 1.71 
[1.46–2.16]

10.94 
[7.20–16.65]

​

Degree of urbanization Cities 80 2.24 
[1.76–3.07]

16.99 
[10.08–26.53]

0.496a 80 1.78 
[1.41–2.47]

15.50 
[8.63–16.45]

0.147a

Towns/suburbs 109 2.30 
[1.90–2.97]

13.73 
[9.54–40.18]

​ 109 1.99 
[1.69–2.59]

10.59 
[7.09–30.62]

​

Rural areas 106 2.67 
[2.12–3.34]

19.89 
[12.30–25.86]

​ 106 2.50 
[2.02–3.08]

16.43 
[13.86–17.59]

​

NUT2 region North (PT11) 46 1.94 
[1.26–3.32]

23.86 
[17.51–34.47]

0.202a 46 1.64 
[1.12–2.77]

16.43 
[12.11–18.84]

0.039a

Algarve (PT15) 30 2.49 
[1.67–3.30]

12.57 
[9.94–13.46]

​ 30 1.91 
[1.32–2.52]

8.84 
[7.08–9.99]

​

Centre (PT16) 49 2.84 
[2.29–3.53]

11.53 
[7.90–10.20]

​ 49 2.63 
[2.12–3.27]

14.25 
[6.22–17.73]

​

Lisbon and Tagus Valley (PT17) 25 1.64 
[1.13–2.70]

14.07 
[5.39–15.27]

​ 25 1.22 
[0.82–2.03]

11.08 
[4.99–12.18]

​

Alentejo (PT18) 47 3.00 
[2.10–4.05]

24.19 
[8.33–90.91]

​ 47 2.56 
[1.84–3.49]

15.32 
[7.72–114.15]

​

Azores (PT20) 62 2.67 
[2.05–3.88]

17.99 
[11.72–41.36]

​ 62 2.42 
[1.91–3.52]

16.82 
[9.70–48.52]

​

Madeira (PT30) 36 2.03 
[1.30–3.40]

21.10 
[9.06–32.27]

​ 36 1.98 
[1.32–3.22]

15.75 
[10.65–16.45]

​

Occupational status Working 257 2.44 
[2.11–2.81]

16.90 
[13.41–20.20]

0.592a 257 2.13 
[1.85–2.45]

15.82 
[10.76–16.47]

0.518a

Not working 20 2.78 
[1.72–4.50]

25.92 
[8.79–26.81]

​ 20 2.60 
[1.65–4.09]

15.77 
[11.63–15.98]

​

TeA: tenuazonic acid; GM: Geometric mean; 95% CI: 95% Confidence Interval; P95: percentile 95; a: Kruskal-Wallis Test; b: Mann-Whitney Test.
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other recent European studies. Exposure levels were higher among the 
individuals with lower educational background and during warm sea
sons (summer and spring).

The observed temporal variations in mycotoxin levels, warrant 
continued monitoring, particularly under climate change scenarios that 
might contribute to the increase in mycotoxins levels in the environment 
and subsequently to the increase in human exposure. Altogether, these 
findings highlight the importance of continued surveillance and the 
integration of HBM into national food safety and public health strategies 
to allow for a more comprehensive risk assessment and potential miti
gation strategies.
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Table 6 
Adjusted multivariable regression model for sociodemographic variables asso
ciated with free-DON concentrations in urine adjusted for creatinine (μg/g 
creatinine) (n = 277).

Variable Category Adjusted coef  
[95%CI]

p

Sex
Female Ref –
Male 1.252 [0.927–1.962] 0.117

Age (years) – 0.911 [0.929–1.038] 0.509

Sampling season

Winter Ref –

Spring 1.489 
[0.894–11.142]

0.074

Summer 1.257 [0.695–2.619] 0.375
Autumn 1.316 [0.800–2.839] 0.203

Educational level
Low 1.192 [0.817–2.144] 0.254
Medium 1.478 [1.143–2.554] 0.009
High Ref –

Degree of 
urbanization

Towns/suburbs Ref –
Cities 1.236 [0.804–2.312] 0.249
Rural areas 1.136 [0.768–1.838] 0.436

NUTS2 region

North 1.251 [0.716–3.156] 0.281
Algarve 1.235 [0.640–3.848] 0.323
Centre Ref ​
Lisbon and Tagus 
Valley

1.163 [0.573–3.568] 0.441

Alentejo 1.322 [0.896–3.050] 0.107
Azores 2.021 [1.734–5.515] <0.001
Madeira 1.685 [1.438–5.695] 0.003

Occupational Status
Working Ref –
Not working 1.119 [0.666–2.652] 0.418

Ref: reference category. R2 = 0.126; p = 0.003.

Table 7 
Adjusted multivariable regression model for sociodemographic variables asso
ciated with TeA concentrations in urine adjusted for creatinine (μg/g creatinine) 
(n = 277).

Variable Category Adjusted coef  
[95%CI]

p

Sex
Female Ref –

Male
1.236 
[0.928–1.636]

0.147

Age (years) –
0.926 
[0.948–1.031]

0.596

Sampling season

Winter Ref –

Spring
1.345 
[0.727–4.897] 0.191

Summer
0.894 
[0.543–1.481] 0.669

Autumn 0.928 
[0.570–1.485]

0.732

Educational level

Low 1.511 
[1.131–2.347]

0.009

Medium
1.157 
[0.856–1.573] 0.336

High Ref –

Degree of urbanization

Towns/suburbs Ref –

Cities 1.114 
[0.754–1.677]

0.563

Rural areas 1.145 
[0.824–1.593]

0.417

NUTS2 region

North
0.759 
[0.393–1.207] 0.192

Algarve
0.629 
[0.243–0.945]

0.034

Centre Ref ​
Lisbon and Tagus 
Valley

0.683 
[0.256–1.021]

0.057

Alentejo
1.024 
[0.650–1.640] 0.893

Azores
0.968 
[0.621–1.489] 0.860

Madeira 0.844 
[0.461–1.305]

0.337

Occupational Status
Working Ref –

Not working
1.108 
[0.719–2.044] 0.468

Ref: reference category. R2 
= 0.093; p = 0.052.
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