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Abstract

Background: Mycotoxin contamination of maize-based foods is an important but under-
characterized exposure pathway for young children in sub-Saharan Africa. Evidence on internal
exposure to multiple mycotoxins and its relationship with nutritional status in South Kivu,

Democratic Republic of Congo (DRC), remains limited.

Objective: This pilot study assessed internal exposure to multiple mycotoxins among young
children consuming maize porridge, characterized co-exposure patterns and exposure

determinants, and explored associations between mycotoxin exposure and nutritional status.

Methods: A cross-sectional biomonitoring study was conducted among 70 children aged 11-23
months from rural and urban households in South Kivu. Serum samples were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) for multiple mycotoxins and

metabolites, together with screening for the aflatoxin B1 (AFB1)-lysine adduct. Household
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characteristics, maize storage and processing practices, and child feeding practices were recorded.
Nutritional status was assessed using height-for-age (HAZ), weight-for-age (WAZ), weight-for-
height (WHZ) Z-scores, and mid-upper arm circumference (MUAC). Bayesian regression models

were used to investigate exposure determinants and associations with nutritional outcomes.

Results: Daily maize-porridge consumption was more frequent among rural than urban children
(46.9% vs. 31.6%; p < 0.001), whereas food-washing practices were more common in urban
households (63.2% vs. 3.1%; p < 0.001). Stunting affected 33.3% of children and was more
prevalent among rural than urban children (37.5% vs. 28.9%; p = 0.048) and among boys than
girls (47.2% vs. 18.1%; p = 0.023). Underweight and wasting affected 18.8% and 10.1%,
respectively. Citrinin (CIT), ochratoxin A (OTA), and cyclopiazonic acid (CPA) were detected in
serum, with higher median CIT and OTA concentrations among rural than urban children (1.3 vs.
0.1 ng/mL and 0.25 vs. 0.10 ng/mL, respectively), while CPA concentrations did not differ
significantly by residence or sex; however, CPA detection was higher among rural than urban
children (31.2% vs. 5.3%; y* = 3.38, p < 0.05). CIT and OTA exposure increased with frequent
maize-porridge consumption, while AFBI1-lysine exposure was associated with maize-porridge

consumption and positively associated with stunting (log[OR] = 1.70; 95% Crl: 1.02—18.6).

Significance: These findings provide preliminary evidence of multiple mycotoxin exposure
among young children in South Kivu and identify maize-porridge consumption as an important
potential exposure pathway. The association between AFB1-lysine exposure and stunting warrants

confirmation in larger longitudinal studies.

Impact Statement
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This study provides rare biomonitoring evidence of multiple mycotoxin exposure among young
children in South Kivu. Linking serum biomarkers with dietary practices and nutritional indicators
highlights maize-porridge consumption as a potentially important exposure pathway and supports
integrated food-safety, biomonitoring, and nutritional interventions to reduce mycotoxin exposure

during early childhood.

Keywords: Mycotoxins, Nutritional and health status, Biomonitoring, Citrinin, Ochratoxin A,

AFB;-lysine, Cyclopiazonic acid, sub-Saharan Africa

1. Introduction
Mycotoxins are toxic secondary metabolites produced by fungi, which frequently contaminate
staple crops such as maize in tropical and subtropical regions. Chronic dietary exposure to
mycotoxins has been associated with impaired immune function, disrupted nutrient metabolism,
growth impairment, and carcinogenicity. Consequently, mycotoxins represent a major public
health concern in low- and middle-income countries (LMICs) where monitoring is limited and
exposures often exceed international reference values (Gichohi-Wainaina et al., 2023; Li et al.,

2025; Gemede, 2025; Miderho et al., 2026).

In sub-Saharan Africa (SSA), mycotoxin contamination of maize-based complementary foods is
widespread, and studies conducted in the Democratic Republic of Congo (DRC), Tanzania, Kenya,
and Nigeria have documented frequent co-occurrence of aflatoxins (AFs), fumonisins (FUMs),
deoxynivalenol (DON), and other toxins in food ingredients intended for infants and young
children. Limited dietary diversity and a high reliance on maize-based porridge as complementary
food further increase the risk of dietary exposure during early life (Ojuri et al., 2018; Ezekiel et

al.,2022; Mollay et al., 2022; Chilaka & Mally, 2020; Ngure et al., 2023; Miderho et al., 2026).
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Epidemiological evidence from SSA links chronic mycotoxin exposure to impaired linear growth
stunting (HAZ), wasting (WHZ), and underweight (WAZ) in young children. Although the
underlying mechanisms remain poorly understood, existing studies suggest that disruptions in
nutrient absorption, immune activation, and metabolic pathways contribute to adverse
anthropometric outcomes in exposed populations (Chilaka & Mally, 2020; Chen et al., 2018;

Gichohi-Wainaina et al., 2023).

Most mycotoxin research in the region has focused on food frequency questionnaires or urinary
biomarkers. While these approaches provide valuable insights into exposure sources and excretion
patterns, they do not fully capture internal systemic dose, i.e. the amount of toxin that is absorbed
and capable of exerting biological effects. In contrast, blood-based biomarkers such as AF-lysine
adducts and other circulating toxin or metabolite measures integrate dietary intake, absorption
efficiency, metabolism, and clearance, making them more directly relevant for assessing
biologically effective exposure linked to health outcomes (Gong et al., 2016; Xu et al., 2018; Arce-

Loépez et al., 2020; Turner & Snyder, 2021).

In the DRC, maize constitutes a primary complementary food for infants (up to 11-month old) and
young children (12 to 23-month old). However, region-specific data on internal mycotoxin
exposure in this population remain exceptionally sparse, with most available studies being limited.
Most available studies have focused on food handling practices and contamination prevalence,
and, to date, none has characterized multi-mycotoxin serum biomarkers in this high-burden setting.
In a previous study, we reported the occurrence of multiple mycotoxins in maize flour used for the

preparation of complementary foods for these young children (Miderho ef al., 2026).



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

The present pilot study addresses a critical gap by assessing exposure to multiple mycotoxins in
young children aged 11-23 months in South Kivu Province, a region characterized by a high
prevalence of stunting (48-53%) (DHS, 2007; Kismul ef al., 2017) and frequent consumption of
maize-based porridge. Systemic exposure was assessed through liquid chromatography tandem
mass spectrometry (LC-MS/MS) based serum biomonitoring, alongside detailed dietary intake and
anthropometric indicators (e.g. weight-for-height (WHZ) and height-for-age (HAZ)). By linking
internal exposure biomarkers with health and nutritional status across rural and urban health zones
within eastern DRC, this study provides a novel assessment of multi-mycotoxin co-exposure
patterns during a critical complementary feeding period. Furthermore, it offers proof-of concept
evidence to inform targeted mycotoxin mitigation strategies, support food safety policy
discussions, and guide future large-scale exposure assessments relating internal dose to child

health outcomes in high-risk populations.

2. Material and Methods

2.1. Study area
The study was conducted in Miti-Murhesa (rural) and Bagira (urban) health zones in South Kivu
Province, eastern DRC (2°30-3°30'S, 28°50'-29°50'E) (Figure 1). The region has a tropical
highland climate with two rainy seasons, annual rainfall of 1,200-1,600 mm, and mean
temperatures of 18-24 °C, conditions that favor fungal growth and mycotoxin accumulation in

maize (pre- and post-harvest).

The two study zones were selected to capture contrasting environmental and socio-economic
contexts that may influence dietary mycotoxin exposure. Miti-Murhesa, a predominantly rural

area, is characterized by smallholder maize-based agriculture, traditional post-harvest handling,
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and household-level storage practices. In contrast, Bagira, an urban “commune” within Bukavu,
the provincial capital city, represents a setting where households primarily depend on market-
purchased maize flour. These contrasting contexts provide a robust framework for evaluating
environmental and socio-economic determinants of internal mycotoxin exposure among young

children.

2.2. Study design and population
This study employed a cross-sectional pilot biomonitoring design to quantify internal exposure to
multiple dietary mycotoxins in young children aged 11-23 months, corresponding to the critical
complementary feeding period when maize-based porridges are actively consumed (Alvito &
Pereira-Da-silva, 2022; Miderho ef al., 2026). Eligible participants were children who had resided
in the study area for at least one year and whose primary caregivers provided written informed
consent. Participants were randomly selected from the general population within the same study
areas as a prior external exposure survey (Miderho et al., 2026). Although some households may
have overlapped those included in the previous survey, participant selection for this study was

conducted independently to ensure population representativeness while maintaining randomness.

Children with severe acute illness, chronic medical conditions, or recent blood transfusions were

excluded to ensure safety and avoid confounding of biomarker measurements.

The sample size was calculated using Fisher’s formula (Fisher ef al., 1991), for estimating a single

population proportion, as described by Lwanga et al., (1991):

__ Z?P(1-P)

n=22020 )
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where n represents the required sample size, Z is the standard normal value corresponding to a
95% confidence level (1.96), P is the anticipated prevalence of detectable mycotoxin biomarkers,

and d is the desired absolute precision (margin of error).

The anticipated prevalence (P) was informed by previous biomonitoring studies among infants
and young children, which have reported a high frequency of detectable aflatoxin biomarkers. In
the AflaCohort Study conducted among children aged 18-22 months in Nepal, detectable aflatoxin
biomarkers were frequently observed, demonstrating substantial exposure among young children
(Andrews-Trevino et al., 2022). Based on these findings, an expected prevalence of 80% was

selected as a conservative estimate for sample size calculation.

The desired precision (d) was set at 10%. According to Lwanga et al., (1991), precision represents
the acceptable deviation between the estimated sample proportion and the true population value
and directly influences the required sample size. Given that this investigation was designed as a
pilot biomonitoring study, the objective was not to generate definitive population prevalence
estimates but rather to obtain preliminary information on mycotoxin exposure levels, variability,
and the feasibility of biomarker assessment. Therefore, a moderate precision level was considered
appropriate, balancing the need for informative estimates with practical and financial constraints
related to participant recruitment, serum collection, and LC-MS/MS laboratory analyses. This
approach aligns with pilot study recommendations emphasizing feasibility assessment, estimation
of preliminary parameters, and refinement of methodologies for future adequately powered

epidemiological studies (Thabane et al., 2010; Montgomery, 2025).

Using these assumptions, the minimum calculated sample size was 62 children. To compensate

for potential losses due to incomplete questionnaires, inadequate biological samples, or analytical
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failures during laboratory processing, a 10% allowance was added, resulting in an adjusted sample
size of approximately 69 children. Consequently, 70 young children were enrolled, including 38

children from Bagira (urban setting) and 32 from Miti-Murhesa (rural setting).

The study therefore focused on characterizing biomarker occurrence, describing exposure patterns,
assessing variability, and evaluating the feasibility of biological sample collection and laboratory

procedures.

2.3.Sampling and recruitment

A two-stage cluster sampling approach was employed to recruit the participants. In the first stage,
50% of health areas within each health zone were randomly selected. In the second stage, eligible
households were randomly selected from the general population within these areas. One child per
household was randomly selected. In households with multiple eligible children, a lottery method
using numbered slips was applied, while households with a single eligible child automatically

enrolled for that child.

Community health facilitators informed eligible households about the study and invited
mothers/caregivers to bring their children to designated health facilities (“Centre de Santé de
Karhanda” in Miti-Murhesa, and “Hopital Général de Référence de Bagira” in Bagira) for

interviews and blood sampling.

Structured interviews were conducted using KoBoCollect, a standardized questionnaire approved
in English and translated into French. During administration, facilitators often used local languages

(Kiswahili and, occasionally, Mashi) to ensure comprehension. The interview collected data on
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demographics, socio-economic status, infant feeding practices, and household maize storage and

preparation practices, which are critical determinants of mycotoxin exposure.

2.4. Anthropometric assessment

Anthropometric measurements were obtained according to the World Health Organization
(WHO)-recommended protocols (WHO, 2006). Weight was measured using a digital scale
calibrated daily and recorded to the nearest 0.1 kg. Recumbent length was measured with a portable
infantometer to the nearest 0.1 cm. All measurements were taken in duplicate, and the mean of the
two readings was used for analysis. Anthropometric data allowed to determine the nutritional
status. Z-scores were calculated for height-for-age (HAZ), weight-for-age (WAZ), and weight-for-
height (WHZ) using WHO growth standards. Malnutrition states were defined as stunting (HAZ
< -2 SD), wasting (WHZ < -2 SD), underweight (WAZ < -2 SD), moderate acute malnutrition
(MAM, WHZ between -3 and -2 SD), severe acute malnutrition (SAM, WHZ < -3 SD), and low
mid-upper arm circumference (mid-upper arm circumference, MUAC < 12.5 cm). Implausible
values (HAZ < -6 or > +6; WAZ < -6 or > +5; WHZ < -5 or > +5) were treated as missing. These
standardized indicators were subsequently used as binary outcomes in statistical analyses to
explore associations with internal mycotoxin exposure, enabling the evaluation of both chronic

and acute nutritional effects.

2.5. Blood sample collection and handling

Trained medical personnel collected 2-3 mL of venous blood from each child using sterile serum
separator tubes (BD Vacutainer®, Becton Dickinson) with no added anticoagulant and standard

aseptic techniques. Immediately after collection, the samples were allowed to clot and were
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centrifuged at 1,500 x g for 10 min at room temperature, to separate serum. Samples were labeled
with unique participant identification codes. The specimens were then stored at -80 °C under

controlled conditions to ensure sample integrity.

Only serum was retained for multi-mycotoxin LC-MS/MS analysis, as it provides a stable,
integrative measure of systemic exposure reflecting ingestion and absorption into the systemic
circulation. Plasma was avoided due to potential interference from anticoagulants in LC-MS/MS
detection (Arce-Lopez et al., 2020 ;Owolabi et al., 2023). Serum aliquots were maintained in a
cooled container during transport to the local laboratory (the Center for Tropical Diseases and
Global Health, CTDGH, of the Catholic University of Bukavu). Approximately 1 mL of serum
was aliquoted into labeled cryotubes (Nunc™ CryoTubes, Thermo Fisher Scientific) and stored at
-80 °C to preserve analyte stability for subsequent analysis until shipment for analysis. The frozen
serum samples were subsequently shipped on dry ice (solid CO:) to the Centre of Excellence in
Mycotoxicology and Public Health (CEMPH), Ghent University, Belgium, for multi-mycotoxin

quantification and AFB;-lysine screening.

10
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2.6. Laboratory analysis

- Target biomarkers

The external exposure survey published by Miderho et al., (2026), reporting the multi-mycotoxin
concentrations of maize porridge using LC-MS/MS, served as a general foundation for selecting
the target mycotoxin analytes for serum analysis in the present study. The multi-mycotoxin panel
used for serum analysis encompassed a total of 39 mycotoxins and metabolites, including AFs
(AFBi1, AFB2, AFGi, AFG2, AFM;), DON, its metabolites deepoxy-deoxynivalenol (DOM),
DON-3-glucoside (DON-3-G) and 3/15-acetyl-DON (3/15-ADON), FUMs (FBi, FB>, FB;,
HFB1), nivalenol (NIV), neosolaniol (NEO), fusarenon-X (FUS-X), diacetoxyscirpenol (DAS),
T-2 toxin (T2), HT-2 toxin (HT2), citrinin (CIT), ochratoxin A (OTA) and ochratoxin alpha (OTa,),
enniatins (ENN A, ENN Al, ENN B, ENN B1), beauvericin (BEAU), alternariol (AOH),
alternariol monomethyl ether (AME), sterigmatocystin (STERIG), roquefortine C (ROQ-C),
tenuazonic acid (TeA), cyclopiazonic acid (CPA), zearalenone (ZEN), zearalanone (ZAN),
o/B-zearalanol (a-ZAL, B-ZAL) and o/B-zearalenol (a-ZEL, B-ZEL). In addition, all serum
samples were screened for the presence of AFB;-lysine, the established biomarker of chronic AFB;
exposure. The multiple reaction monitoring (MRM) transitions and retention times (RT) were
optimized for each compound and are summarized in supplementary information (S1 for the multi-

mycotoxin analysis and S2 for AFB;-lysine screening).

- Multi-mycotoxin analysis in serum

Simultaneous quantification of mycotoxins was adapted from the protocol of Delgado-Povedano

et al.,(2025). Serum aliquots (300 nL) were spiked with 20 uL *C-labeled internal standards (i.e.,

11
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BC-AFB,, *C-CIT, ®C-DON, *C-HT2, *C-FB,, *C-OTA, *C-T2) and subjected to liquid-liquid
extraction (LLE) with 300 pL ice-cold acetonitrile (ACN). Supernatants were evaporated under
nitrogen at 40 °C and reconstituted in 75 puL injection solvent (60/40 v/v of mobile phases A/B).
Mobile phase A comprised of Ultrapure water (UP-H20)/methanol (MeOH)/acetic acid (94/5/1
v/v/v) and mobile phase B of MeOH/UP-H:O/acetic acid (97/2/1 v/v/v), both containing 5 mM
ammonium acetate. Chromatographic separation used a Waters Acquity UPLC HSS T3 Cig
column (1.8 pm, 2.1 x 100 mm) with a pre-column, at 0.3 mL/min flow rate and 40 °C, coupled
to a Xevo TQ-XS triple quadrupole mass spectrometer for analyte detection. The gradient ranged
from 95% A to 99% B over 13 min, followed by re-equilibration to 95% A until 18 min. Detection
was performed in both electrospray ionization (ESI)+ and ESI- modes using optimized capillary
voltage, gas flow, and collision energy. Quantification was achieved using matrix-matched

calibration curves and TargetLynx® v4.2.

- Screening for AFB1-lysine adduct in serum

Serum pretreatment and LC-MS/MS determination of AFB-lysine followed an optimized protocol
adapted from Phillips ef al. (2025). Briefly, 150 uL serum aliquots were vortexed and incubated
with 375 pL Pronase E solution (6.5 mg/mL in phosphate buffered saline (PBS)) overnight at 37
°C in a thermoshaker (300 rpm) to hydrolyze albumin-bound AFB;-lysine adducts. Each analytical
batch included study samples and certified quality control materials provided by the Centers for

Disease Control and Prevention (CDC, Atlanta, Georgia, USA).

After enzymatic digestion, samples were purified using Oasis MAX Icc solid-phase extraction
cartridges item no. 186000366 (Waters corporation, Antwerp, Belgium), as described by Phillips

et al., (2025). Eluates were evaporated to dryness under nitrogen (0.5 mL/min) at 40 °C and

12
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reconstituted in 150 pL UP-H>O/ACN/acetic acid (94/5/1, v/v/v). Following sonication and

centrifugation (15,000 x g, 5 min), supernatants were transferred to vials for analysis.

Chromatographic separation and analyte detection was performed as mentioned in 2.6 Multi-
mycotoxin analysis in serum. Detection was performed using ESI+. Gradient elution employed
mobile phase A (UP-H>O with 0.01 % acetic acid) and mobile phase B (ACN with 0.01 % acetic
acid) at a flow rate of 0.3 mL/min. The analysis was conducted as a qualitative screening based on
absolute peak areas processed in TargetLynx® v4.2. Sample signals were evaluated relative to

quality control samples at 1 and 2.5 ppb AFBi-lysine.

2.7. Data Analysis

All data analyses were conducted in R (version 4.3.2). Categorical variables were summarized as
frequencies and percentages (%), and continuous variables as means + standard deviations (SD)

or medians with interquartile ranges (IQR) for skewed distributions.

Serum samples tested positive for AFB;, CIT, OTA, CPA, ENN B and AFB;-lysine. Among these,
only CIT and OTA were detected above the lower limit of quantification (LLOQ) and were
therefore suitable for quantitative analysis and sequential regression modeling. The remaining
analytes (AFB1, CPA and ENN B) were clearly detectable but below the LLOQ, indicating that
the analytical sensitivity of the method was insufficient for reliable quantification. These analytes

were therefore evaluated qualitatively, just like the results of the AFBi-lysine screening.

Values below the limit of detection (LOD) were set to zero. Values between the LOD and the
LLOQ were imputed at the midpoint of the LLOQ range (0.05 ng/mL), and reported ranges were

replaced by their midpoints. Missing values were coded as NA. This approach ensured all
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measurable signals contributed to descriptive statistics and allowed consistent binary classification

of high versus low exposure.

A co-exposure variable representing the number of mycotoxins detected per child was created and
categorized as low (0-1), medium (2-3), or high (>4). Serum concentrations of CIT and OTA were
right-skewed and log-transformed using loglp to approximate normality, with high exposure
defined as values above the 75 percentile. Descriptive statistics for mycotoxins were visualized
using boxplots stratified by gender and residence, and group comparisons were performed with

the Wilcoxon rank-sum test.

Nutritional indicators including stunting, wasting, underweight, MAM, SAM, and MUAC; were
classified as binary outcomes using the Anthro R package (version 1.1.0). The prevalence of each
condition was reported stratified by gender and residence, and differences between groups were
evaluated using Pearson’s Chi-square tests. Given the small sample size (n=70) and sparse
exposure categories, Bayesian logistic regression was used to identify demographic and dietary
determinants of elevated mycotoxin exposure. Separate models were fitted for high exposure to
citrinin (CIT) (CIT _high), high exposure to ochratoxin A (OTA) (OTA high), and AFB;-lysine
detection. Predictors included child age, gender, residence, maize porridge consumption
frequency, maize source, grain sorting and washing practices, and visible mold/insects in stored

maize (Table 1).

Regression coefficients were assigned weakly informative normal priors with mean 0 and SD of 2
(Normal(0, 2)). The Bayesian logistic regression model was specified through a Bernoulli
likelihood, whereby each binary outcome (CIT high, OTA_high, or AFB;-lysine detection) was

assumed to follow a Bernoulli distribution conditional on the covariates. The probability of

14
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exposure was linked to predictors using a logit function. Posterior distributions were then obtained
by combining the likelihood and prior distributions according to Bayes’ theorem and were
approximated using Markov Chain Monte Carlo (MCMC) sampling implemented via the
MCMClogit function in the MCMCpack package in R. Four independent chains were run for 4,000
iterations each, including a burn-in (warm-up) of 1,000 iterations, with thinning applied where

necessary to reduce autocorrelation.

The Bayesian logistic regression model was defined using a Bernoulli likelihood (Gelman et al.,
2013). For each child 7, the binary outcome Yi (representing CIT high, OTA _high, or AFB;-lysine
detection) was assumed to follow a Bernoulli distribution conditional on the predictors according

to equation 2:
Yi|mti ~(Bernouilli(giy) 2)

where Y; is the binary outcome for child 1, i the probability of exposure. The probability of high

exposure was modeled using a logit link function according to equation 3:

K
logit iy = Bo + Z BrXik 3)
=1

where Y; is the binary outcome for child i, i the probability of exposure, x;;, the k predictor
variables, and S}, the regression coefficients. Regression coefficients were exponentiated to obtain
odds ratios (ORs) with 95% credible intervals (Crl). Posterior probabilities quantified the strength
of associations, and associations were considered credible when posterior probability > 0.90.

Regression coefficients were exponentiated to obtain odds ratios (ORs) with 95% Crl. In addition,
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results are reported both on the odds ratio scale and on the log scale to improve interpretability,

according to equation 4:

log(OR) = In(OR) 4)

The 95% credible intervals (Crl) were transformed accordingly to equation 5:

log(Crl) = [ln(Crllower)'ln(CrIupper)] 5)

Posterior probabilities were used to quantify the strength of associations, and effects were

considered credible when the posterior probability of a non-zero was > 0.90.

Autocorrelation among successive samples was evaluated and reduced through thinning. Posterior
predictive checks indicated that the models adequately reproduced the observed data patterns.
Finally, sensitivity analyses using frequentist logistic regression demonstrated substantial

instability in conventional estimates, further supporting the robustness of the Bayesian approach.

3. Results

3.1. Sociodemographic, child and maternal characteristics

Significant urban-rural differences were observed in maternal education and occupation (Table 2)
Maternal education was markedly higher in urban households: 44.7% of urban mothers had
completed secondary education compared with 28.1% of rural mothers, and 7.9% of urban mothers
had higher education, which was absent in rural mothers. Conversely, absent formal education was
reported in 37.5% of rural mothers versus 13.2% of urban mothers (y*>=9.1, p=0.028). Occupation

patterns also differed substantially: 65.6% of rural mothers were farmers compared with only
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10.5% of urban mothers, while housewifery predominated in urban settings (50%) but was

uncommon in rural households (6.3%) (> =41.2, p <0.001).

Furthermore, boys represented 39.5% of urban children and 65.6% of rural children, while girls
accounted for 60.5% and 34.4%, respectively (y? = 4.4, p = 0.036). In contrast, the number of
children under 5 per household did not differ significantly across both settings (> =5.4, p = 0.068),

with most households having 2-3 children (urban 57.9%, rural 65.6%).

3.2. Maize storage, food handling, and infant feeding practices

Household maize handling and consumption differed between urban and rural settings (Table 3).
Maize storage location varied significantly between the two groups (y? = 9.38, p = 0.031). The
majority of households stored maize on the ground, a practice observed in 81.6% of urban and
65.6% of rural households. Granary storage was reported by 10.5% of urban and 21.9% of rural
households, while hermetic Purdue Improved Crop Storage (PICS) bags were used by 7.9% of
urban and 12.5% of rural households. Median storage duration was similar in both settings (urban:
12.0 days, IQR 7-14; rural: 7.0 days, IQR 3-14; W = 482.5, p = 0.242). There was no significant
difference in storage cleaning frequency (weekly cleaning: 78.9% urban, 81.3% rural) or in the

presence of visible mold or insects (urban: 47.4%; rural: 34.4%).

Grain sorting practices differed significantly by settings (3> = 7.18; p = 0.028), with a higher
proportion of urban households reporting always sorting maize (68.4%) compared with rural
ho.useholds (46.9%). In the same vein a lower proportion of urban versus rural households
((10.5% vs 37.5%, respectively) reported to never practice sorting. Maize porridge consumption

frequency also differed (> = 13.84; p <0.001), with daily consumption in 31.6% urban and 46.9%
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in rural households; 4-6 times/week in 2.6% urban and 21.9% in rural; 1-3 times/week in 36.9%
urban and 28.1% in rural and rarely in 28.9% urban households and 3.1% rural.

Food washing was significantly more frequent (%> =9.81; p <0.001) in urban (63.2%) than in rural
households (3.1%). Maize source differed (x> = 21.01; p < 0.001), with most rural households
growing maize (96.9%) and urban households mainly buying (52.6%) or both buying and growing
(31.6%). Processed food consumption was higher in urban (71.1%) than rural (50.0%) households,

though not statistically significant (x> =2.72; p = 0.09).

3.3. Child nutritional status

As shown in Table 4, stunting was the most frequent form of undernutrition, affecting 33.3% of
children. A significant rural-urban disparity was observed (y*> = 5.75, p = 0.048), with stunting
prevalence higher in rural children (37.5%) than in urban children (28.9%). Stunting also differed
significantly by gender, with a higher prevalence among boys (47.2%) than girls (18.1%) (3> =
8.82, p = 0.023). These results indicate that chronic undernutrition is widespread in the study

population and disproportionately affects rural children and girls.

In contrast, wasting, which reflects acute malnutrition, showed a much lower overall prevalence
(10.1%). Although wasting appeared more frequent in rural areas (15.6%) than in urban areas
(5.3%), the difference was not statistically significant (> = 1.18, p = 0.277). Similarly, the
prevalence among boys (13.9%) was higher than among girls (6.1%), but this difference was also

not significant (y*> = 1.38, p = 0.503).

Underweight’s overall prevalence was 18.8%, moderate acute malnutrition (MAM; 2.9%) and

severe acute malnutrition (SAM; 1.4%) were rare, and low MUAC was observed in 4.3% of
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children overall, but each of these nutritional status there was no statistically significance between

urban vs. rural, or between boys and girls.

3.4.Internal mycotoxin exposure profile

The external exposure survey on maize porridge published by Miderho et al., (2026) served as a
general foundation for selecting the target mycotoxin analytes for serum analysis in the present
study. The multi-mycotoxin panel used for serum analysis encompassed a total of 39 mycotoxins
and metabolites, while a screening was performed for AFBi-lysine, as mentioned in more detail in
section 2.6. From those target analytes, serum samples tested positive for AFB1, CIT, OTA, CPA,
ENN B and AFB-lysine. Figure 2 shows the serum concentrations of these mycotoxins as well as
the detection rates, with data grouped by gender, whereas Figure 3 shows the same data grouped

by residence (urban vs. rural).

Median CIT concentrations were 0.75 ng/mL (IQR: 0.10-1.50 ng/mL) in boys and 0.50 ng/mL
(IQR: 0.05-1.20 ng/mL) in girls, with no significant difference (p = 0.518). CIT detection
frequencies were 62.2% and 57.6% in boys and girls, respectively (y*> = 0.02, p = 0.883). CIT
concentrations were higher in rural samples (median = 1.3 ng/mL) compared with urban samples
(median = 0.1 ng/mL, p=0.018). Rural samples also showed a wider interquartile range (IQR =
0.8-2.2 ng/mL), indicating greater variability, whereas urban values were mostly close to zero
(IQR = 0-0.3 ng/mL). CIT was detected in 62.5% of rural samples and 57.9% of urban samples;

however, this difference was not statistically significant (> = 0.02, p = 0.883) (Figure 3).

OTA concentrations were also similar between boys (0.18 ng/mL; IQR: 0.13-0.30 ng/mL) and

girls (0.14 ng/mL; IQR: 0.09-0.26 ng/mL) (p = 0.483), with similar detection frequencies of 54.1%
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and 48.5%, respectively (3> = 0.12, p = 0.821). OTA concentrations were higher among rural
participants compared with urban participants. The median OTA concentration in rural samples
was 0.25 ng/mL (IQR: 0.20-0.34 ng/mL), whereas urban samples had a median of 0.10 ng/mL
(IQR: 0.07-0.16). The difference in concentrations between rural and urban participants was
statistically significant (p <0.001). OTA detection prevalence was 56.2% in rural participants and

47.4% in urban participants, with no significant difference (y*> = 0.25, p = 0.617).

CPA concentrations showed a median of 0.008 ng/mL (IQR: 0.000-0.046 ng/mL) in boys and
0.050 ng/mL (IQR: 0.040-0.056 ng/mL) in girls and was detected in 24.3% of boys and 9.1% of
girls, with no significant difference in concentration or detection rate between gender. CPA
concentrations were similar between rural and urban participants. The median CPA concentration
was 0.040 ng/mL (IQR: 0.000-0.050 ng/mL) in rural samples and 0.025 ng/mL (IQR: 0.015-0.038
ng/mL) in urban samples (not statistically significant; p = 0.123). A significantly higher CPA
detection prevalence was observed in rural participants (31.2%) than in urban participants (5.3%)

(¢ = 3.38, p < 0.05).

Serum AFBi-lys detection of AFB;-lysine adducts was 56.8% among boys and 48.5% among girls,
with no significant difference (y*> = 1.81, p = 0.651). Serum detection rate of AFB;-lysine adducts
was similar (%> = 0.08, p = 0.778) among children living in rural areas (56.2%) and those living in
urban areas (50.0%). AFB1 was detected in only 2.5% of serum samples, indicating a low

frequency of detection in the study population.
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The distribution of co-exposure differed significantly by child gender (y*> = 7.88, p = 0.019), with
boys more frequently classified in the high exposure group (60.9%) compared with girls (20 %)
(Figure 4). In contrast, no significant association was observed between co-exposure categories
and residence (proportion of high exposure 55% in rural, 30.4% in urban children; > = 3.20, p =

0.202).

3.5.Determinants of internal mycotoxin exposure

To identify factors associated with elevated mycotoxin exposure among infants and young
children, Bayesian logistic regression models were fitted for three exposure outcomes: CIT high,
OTA_high, and detection of AFB;-lysine. Results are presented as log[OR], corresponding OR =

exp(log[ORY]), 95% Crl, and posterior probabilities (Table 5).

For CIT high exposure, increasing age showed a modest positive association with exposure
(log[OR] =0.157; OR = 1.17; 95% CrI: 0.00-0.33; posterior probability = 1.00). Maize porridge
consumption also showed positive trends, with young children consuming porridge 4-6 times per
week exhibiting higher estimated odds of elevated CIT exposure (log[OR] = 2.59; OR = 13.33;
95% Crl: 0.53-6.09; posterior probability = 0.92). Daily porridge consumption showed a similar
direction of effect (log[OR] =3.28; OR =26.58; 95% Crl: -2.81-9.60; posterior probability = 0.90),
although the wide Crl indicates substantial uncertainty. In contrast, urban residence was
consistently associated with lower CIT exposure (log[OR] = -3.91; OR = 0.02; 95% CrlI: -8.52 to

-0.07; posterior probability = 1.00).

For OTA _high, frequent maize porridge consumption (4-6 times/week) showed the strongest

positive association (log[OR] = 16.57; posterior probability = 1.00), although the large estimate
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should be interpreted cautiously because of the limited sample size. Rare porridge consumption
(log[OR] = 5.25; posterior probability = 0.97), household maize cultivation (log[OR] = 1.54;
posterior probability = 0.97), and female gender (log[OR] = 1.21; posterior probability = 0.96)
also showed positive trends, but their Crl overlapped zero, indicating considerable uncertainty.
Conversely, urban residence remained consistently associated with lower OTA exposure (log[OR]
=-1.72; OR =0.18; 95% Crl: -3.00 to -1.02; posterior probability = 1.00). Visible mold or insects
in stored maize also showed a negative association (log[OR] =-1.91; OR = 0.15; 95% CrI: -5.81
to -0.26; posterior probability = 1.00), although this unexpected finding should be interpreted

cautiously and may reflect unmeasured storage or household characteristics.

For AFB; exposure assessed by AFBi-lysine detection, porridge consumption frequency was again
associated with biomarker detection. Daily porridge consumption showed higher estimated odds
of AFB;-lysine detection (log[OR] = 1.97; OR = 7.17; 95% Crl: 0.50-3.33; posterior probability
=0.99), while rare porridge consumption also showed increased estimated odds (log[OR] = 2.36;
OR =10.59; 95% Crl: 0.75-3.29; posterior probability = 0.99). These findings suggest that dietary
patterns may influence aflatoxin exposure, although the underlying mechanisms remain unclear
and warrant further investigation, including possible substitution with other contaminated foods
such as peanut-based products and potential regional differences in infant feeding practices.
Visible mold or insects showed a positive but uncertain association with AFB;-lysine detection

(log[OR] =0.92; OR =2.51; 95% Crl: -0.38-2.36; posterior probability = 0.92).

Several predictors demonstrated high posterior probabilities and consistent directions of effect,
whereas many 95% Crls included zero or were relatively wide, indicating substantial uncertainty

in the estimated effect sizes. In addition, some observed associations, including the inverse
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relationship between visible mold or insect infestation and OTA exposure and the higher estimated
AFB; exposure among children reporting infrequent porridge consumption, did not follow the
expected biological patterns. Therefore, these findings should be interpreted as exploratory
associations that identify potential exposure pathways rather than definitive causal determinants

and require confirmation in larger prospective studies.

3.6. Association between internal mycotoxin exposure and child undernutrition

indicators

Table 6 summarizes the Bayesian associations between internal mycotoxin biomarkers and child
undernutrition indicators. Regression coefficients () represent changes in the log-odds of each
outcome, while ORs indicate the corresponding multiplicative change in odds. Results are

presented together with their 95% Crls.

Given the relatively small sample size and sparse observations for several nutritional outcomes,
these analyses should be regarded as exploratory and hypothesis-generating rather than

confirmatory.

High CIT exposure demonstrated positive estimated associations with several undernutrition
indicators. For wasting, the estimated effect was B =2.15 (95% Crl: -1.05 to 6.00; OR = 8.56, 95%
Crl: 0.35-405), while underweight showed B = 0.742 (95% Crl: -1.82 to 3.88; OR = 2.10, 95%
Crl: 0.16-48.3). A modest positive trend was also observed for stunting (B = 0.364; 95% Crl: -
2.108 to 2.933; OR = 1.44, 95% Crl: 0.12-7.79). However, all corresponding Crls were broad and

included the null value, indicating substantial uncertainty regarding both the magnitude and
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direction of these associations. Extremely large estimates observed for MAM, SAM, and low

MUAC likely reflect sparse-data instability and were therefore not interpreted further.

High AFB;i-lysine exposure also showed positive estimated associations with wasting,
underweight, and stunting. Wasting was estimated as = 1.46 (95% Crl: 0.12 to 2.91; OR = 1.03,
95% Crl: 0.50 to 3.47), while underweight showed = 1.327 (95% Crl: 0.30 to 3.65; OR = 1.59,
95% CrlI: 0.05 to 8.60). Stunting demonstrated a positive estimated association (f = 1.55; 95% Crl:
0.715 to 2.923; OR = 1.70, 95% CrI: 1.02 to 18.6), although the wide Crl suggests considerable
uncertainty in the magnitude of the effect. Very large coefficients estimated for MAM and SAM
were considered indicative of sparse observations rather than precise biological effects and were

not interpreted further.

High OTA exposure showed positive estimated associations with wasting (B = 1.98; 95% Crl: 0.73
to 2.15), underweight (B = 1.11; 95% Crl: -1.71 to 4.24), and stunting (B = 0.437; 95% Crl: -
2.311to 3.344), while negative coefficients were estimated for MAM, SAM, and low MUAC.
These estimates were generally accompanied by wide Crls or extreme coefficient values, limiting

confidence in their interpretation.

Among the adjustment variables, increasing child age consistently showed negative estimated
associations with several forms of undernutrition, including underweight (f = -0.307; 95% CrlI: -
0.507 to -0.143; OR = 0.74, 95% CrI: 0.60 to 0.87), low MUAC (B = -0.746; 95% Crl: -1.77 to -
0.013; OR =0.47, 95% CrI: 0.17 to 0.99), and stunting (B =-0.311; 95% CrlI: -0.495 to -0.155; OR
= 0.73, 95% Crl: 0.61-0.86). Female gender demonstrated mixed estimated associations across

nutritional outcomes, with most Crls including the null value.
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4. Discussion

The aim of the present study was to assess internal exposure to major mycotoxins and to examine
their potential association with nutritional status among infants and young children in a region
where malnutrition prevalence is known to be high. The study involved children aged 11-23
months old, consuming maize porridge in South Kivu, DRC. In addition to measuring mycotoxin
concentrations in children’s serum, the sociodemographic characteristics of mothers were recorded
since they may influence complementary feeding practices, diet diversity, and food safety
behaviours, which in turn affect both nutritional adequacy and mycotoxin exposure from maize-

based porridges.

4.1. Sociodemographic characteristics

Socio-demographic characteristics differed between urban aand rural households. Maternal
education was significantly higher in urban households, a pattern consistent with broader evidence
from SSA showing persistent rural-urban inequalities in maternal education, which remain
strongly linked to child health and nutrition outcomes (Abuya et al, 2012; Amaha &

Woldeamanuel, 2021; Nyamasege et al., 2021).

Maternal education is widely recognized as a key determinant of child feeding practices and
nutritional status. In the context of the present study, these educational differences provide an
important contextual framework for interpreting variability in household feeding behaviors and
food hygiene practices. Although the present analysis did not formally test mediation pathways,

previous studies have shown that higher maternal education improves dietary diversity, caregiving
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practices, and reduces stunting risk in early childhood (Ekholuenetale et al., 2022 ;Mporanyi et

al., 2025).

Maternal occupation also differed substantially between study areas, with farming predominating
in rural households and housewifery in urban settings. This reflects the strong link between
livelihood systems and household food sourcing strategies observed in agricultural settings across
SSA (Nankinga et al., 2019). Agricultural livelihoods have been associated with greater reliance
on home-produced staple crops, particularly maize, which may be vulnerable to post-harvest
contamination under suboptimal storage conditions (Adedokun & Yaya, 2021;Mollay et al., 2022).
In the present study, this contextual pattern is supported by the high proportion of rural households
cultivating maize and the widespread use of ground storage, although causal relationships between

occupation and contamination risk were not directly assessed.

The observed sociodemographic structure is important for interpreting downstream nutritional and
exposure outcomes. Rural residence was associated with higher prevalence of stunting and higher
levels of certain mycotoxins, while urban households demonstrated more diversified food sourcing
practices. These patterns are consistent with evidence linking rural residence and low maternal
education to increased vulnerability to both undernutrition and dietary toxin exposure in low-

income settings (Mollay ef al., 2021; Ngure et al., 2023).

4.2. Maize sourcing, storage, food handling, and infant feeding practices

Maize sourcing differed by residence, with rural households relying predominantly on homegrown
maize, while urban households combined purchased and own sources. Similar patterns are

observed across SSA, where rural populations consuming farm-grown maize face higher
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mycotoxin exposure due to limited food safety surveillance (Nji ef al., 2022). Home-produced
maize in Zimbabwe and other SSA regions is frequently contaminated with Fusarium and
Aspergillus species, increasing exposure risk (Akello et al., 2021). Subsistence maize is
particularly susceptible to fungal contamination due to inadequate agronomic practices and
suboptimal storage conditions (Alberts et al., 2019). However, market maize is not always safer;
in Kenya, maize from informal markets sometimes contained higher aflatoxin levels than home-

grown maize, reflecting poor storage and climatic stress (Joutsjoki & Korhonen, 2021).

Maize storage practices also differed significantly between urban and rural households, consistent
with observations across West and East Africa. In Ghana, smallholder farmers typically rely on
traditional granaries and open storage, whereas peri-urban households more frequently use
improved bags or containers; yet these differences do not always result in shorter storage durations
or reduced mold prevalence (Sugri et al., 2015; Adams et al., 2025). Similarly, in Kenya, hermetic
PICS bags were more commonly adopted near urban centers, but inconsistent storage and cleaning
routines limited the effectiveness of these interventions in reducing contamination (Rono et al.,
2018). Dry, off-ground storage, more common in better-resourced contexts, is associated with

lower mycotoxin levels and reduced exposure risk (Magembe ef al., 2016; Arefaynie et al., 2024).

Maize porridge consumption frequency differed markedly by residence, with rural children
consuming it more frequently than urban children. In the present study, this pattern is consistent
with the greater reliance on subsistence maize production in rural households, where most families
cultivate maize and depend on it as a primary complementary food. In contrast, urban households

exhibited more diversified food sourcing, including greater reliance on purchased foods and a
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wider range of complementary feeding options, which may reduce the frequency of maize-based

porridge consumption.

Similar patterns have been reported in other East African settings, where maize remains a dominant
component of infant complementary feeding, particularly in rural areas. For example, studies in
Tanzania and Kenya have shown that over 90% of infants consume maize-based porridges, which
often constitute the main or sole staple in complementary diets (Ngure et al., 2023 ;Mollay, 2025).
Such maize-dominated feeding systems have been associated with low dietary diversity and

increased vulnerability to nutrient deficiencies and dietary mycotoxin exposure in early childhood.

Urban households reported significantly higher grain washing frequencies than rural households,
probably reflecting disparities in water access and hygiene knowledge. Postharvest handling
factors interact to determine contamination risk (Binamungu et al., 2023; Mollay et al., 2021). In
South Kivu, limited clean water and low food-handling knowledge in rural areas contribute to
suboptimal hygiene practices. While washing removes dust and debris, it alone does not reliably
reduce mycotoxin contamination, which requires integrated interventions including sorting,

thorough drying, and clean storage (Miderho ef al., 2025; Kamala et al., 2017)

Frequent consumption of inadequately processed maize porridge amplifies cumulative exposure
to fungal toxins; monotonous maize-dominant diets have been associated with higher AFs and
FUMs levels and impaired linear growth (Mollay, 2025). Across SSA, high maize porridge intake
is widespread, yet better hygiene and more diversified complementary feeding in urban households
correlate with lower mycotoxin exposure and improved nutritional outcomes (Magembe et al.,

2016; Mollay et al., 2021; Galani et al., 2022). Persistent reliance on maize- and groundnut-based
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porridges in rural settings underscores ongoing vulnerability to chronic dietary mycotoxin

exposure and undernutrition.

4.3. Child nutritional status

The present study indicates a high burden of chronic undernutrition among children in South Kivu,
with stunting affecting approximately one-third of the sample and showing clear disparities by
residence and gender. Higher prevalence among rural children and boys reflects persistent
inequalities in child growth outcomes within the study setting (DHS, 2014). These findings are
consistent with national estimates from eastern DRC, where stunting remains highly prevalent,
reaching approximately 43% in some areas (Kandala ef al., 2011; Luzingu et al., 2022). Similar
levels of chronic undernutrition have been reported across East Africa, where average stunting
prevalence is estimated at 33%, ranging from 22% in Kenya to over 50% in Burundi and Rwanda
(Tesema et al., 2021; Ngaruye et al., 2023). Across SSA, stunting is driven by a complex interplay
of structural and immediate determinants, including maternal education, household poverty, low
birth weight, inadequate breastfeeding practices, poor sanitation, diarrhoeal disease, and rural
residence (Akombi et al., 2017). The higher vulnerability observed among boys is also consistent
with extensive epidemiological evidence suggesting greater biological susceptibility to growth
faltering in male children. Meta-analytical and multi-country demographic and health surveys
(DHS) evidence indicates higher stunting and wasting risk among boys, with mean HAZ scores
consistently lower in boys than girls (Wamani et al., 2007; Dembele, 2025). Large gender
disparities have also been reported in the Great Lakes region, with differences exceeding 8% in

some settings (Dembele, 2025).
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In contrast, acute malnutrition levels were relatively low in the present study. Wasting prevalence
was 10.1% and did not differ significantly by residence or gender. This pattern is broadly
consistent with national DRC estimates of approximately 6.1% and typical SSA ranges of 5-10%
(Akombi et al., 2017; Luzingu et al., 2022), as well as findings from West African contexts such
as Senegal (10.3%) (Tamir ef al., 2025). However, deviations from this pattern have been reported
elsewhere, with higher odds of wasting among boys (Murarkar et al., 2020; Marume et al., 2025).
Similarly, meta-analyses confirm that boys are generally at higher risk of wasting, although effect
sizes vary across settings (Thurstans et al., 2020; Sahiledengle ef al., 2023). Consistent with low
wasting prevalence, moderate and severe malnutrition were rare in the present study (MAM 2.9%,
SAM 1.4%). According to WHO, wasting prevalence below 5% is considered of ‘very low’ public
health significance (De Onis et al., 2018). Substantial heterogeneity exists across the region, with
wasting prevalence reported to range from 1% to 58% across 11 African countries (Riwa ef al.,
2025). Although gender differences in MAM and SAM were not statistically significant in the
present study, SAM occurred only among boys (2.8%), which is consistent with broader evidence.
Large-scale DHS analyses covering over 700,000 children have reported higher male-to-female
risk ratios for wasting and concurrent wasting-stunting (Garenne et al., 2022), while systematic
reviews confirm higher odds of wasting among boys across diverse settings (Thurstans et al.,

2020).

Rural-urban patterns observed in this study were also broadly consistent with regional evidence,
although differences were modest. For example, previous studies have reported slightly higher
SAM prevalence in rural compared to urban settings (Fagbamigbe et al., 2020). In the present
study, low-MUAC prevalence was relatively low (4.3%), compared with other contexts where

MUAC-defined moderate acute malnutrition may reach approximately 10% (De Costa & Duggan,

30



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

2021; Patra et al., 2024). Underweight prevalence (18.8%) showed no significant differences by
gender or residence. This finding is consistent with evidence that underweight is a composite
indicator reflecting both acute and chronic nutritional deficits and therefore tends to be less specific

in distinguishing underlying causal pathway (Akombi et al., 2017).

4.4. Internal mycotoxin exposure

In this serum-based pilot study, CIT, CPA, and OTA were detected at measurable levels. The
detection of CIT and OTA in serum is consistent with evidence of widespread co-exposure in SSA,
where complementary foods frequently exceed safety limits (Chen et al., 2018; Ojuri ef al., 2019;
Chilaka & Mally, 2020; Nji & Mwanza, 2024). No significant gender differences were observed
in serum concentrations or detection frequencies of CIT and OTA, suggesting that biological

gender plays a limited role when early-life diets are largely shared.

Comparable findings have been reported in Cameroonian children, where multi-mycotoxin
exposure (OTA, DON, AFM, FB1) was frequent, with 73% of urine samples containing multiple
toxins, without clear gender-specific patterns (Njumbe et al., 2013). Although higher urinary DON
or FB1 has been observed in boys in other settings, such differences are more likely driven by
dietary practices rather than biological susceptibility (Njumbe et al., 2013; Thenuwara et al.,
2024). Nevertheless, boys (60.9%) were more frequently classified than girls (20%)in the high-
exposure group , indicating potential differences in exposure intensity, consistent with evidence of
gender-related variation in environmental toxicant exposure (Ashraf et al., 2022; Thenuwara et

al., 2024).
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Evidence from serum- and plasma-based biomonitoring further confirms widespread chronic
exposure across SSA. Aflatoxin exposure assessed using the aflatoxin-albumin adduct biomarker
has been consistently detected across multiple countries, demonstrating sustained exposure in
vulnerable populations such as children and adolescents (Xu et al., 2018). In Kenya, a national
biomonitoring study reported AFBi-lysine adducts in 78% of serum samples, confirming
widespread exposure across geographic and socioeconomic groups (Yard et al., 2013). Systematic
evidence further indicates that this exposure is largely driven by contamination of staple foods
such as maize and groundnuts, contributing to a substantial public health burden in Africa (Meijer

etal.,2021).

In addition, human biomonitoring studies show that AFBi-lysine and OTA are among the most
frequently detected mycotoxin biomarkers in blood, plasma, and serum, with consistently high
positivity rates across populations (Arce-Lopez et al., 2020). Early evidence on OTA also confirms
that serum/plasma concentrations are widely detectable and commonly used as indicators of
continuous exposure, although urinary biomarkers may better reflect short-term intake (Scott,
2005). These patterns are largely explained by OTA toxicokinetics, including its long half-life,
strong binding to serum albumin, renal reabsorption, and enterohepatic recirculation; urinary
excretion represents only a small fraction of total exposure, making serum a more stable marker
of chronic intake (Studer-Rohr et al., 2000; Scott, 2005; Malir et al., 2016; Malir et al., 2019,
Muioz et al., 2010; Han et al., 2013). CIT may exhibit partially overlapping behavior, although

its serum kinetics remain less well characterized.

Marked rural-urban disparities were observed, with higher CIT detection among rural children

compared to urban children (56.2% vs 15.8%), alongside elevated OTA concentrations in rural
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settings. These findings are consistent with evidence from SSA showing that rural populations
experience higher mycotoxin exposure due to greater reliance on maize-based diets and suboptimal
storage conditions. For example, high prevalence of aflatoxin-albumin adducts (84%) and
fumonisin biomarkers (96%) has been reported among children in similar settings (Shirima ef al.,
2013). Similarly, rural adult populations have shown frequent detection of OTA (86%) and CIT
(37%) (Ezekiel et al., 2025), while multi-mycotoxin exposure including AFs, FB1, DON, OTA,
and CIT has also been documented in infants, highlighting early-life co-exposure in highly

vulnerable groups (Ayeni et al., 2024).

Thus, exposure levels in this pilot study appear moderate compared with high-burden regions,
where detection rates for OTA and CIT may approach or reach 100% in some populations
(Lombard, 2014). The combination of moderate but frequent co-exposure, higher rural burden, and
absence of strong gender differences suggests that environmental factors particularly maize-based
diets, storage conditions, and food handling practices are the primary drivers of early-life
mycotoxin exposure in SSA (Shirima et al., 2013; Chilaka & Mally, 2020; Wangia-Dixon et al.,

2022).

A difference was observed between direct AFB1 detection and AFBI1-lysine adduct positivity.
AFBI1-lysine showed a higher detection frequency compared with free AFBI1, suggesting that
biomarker-based assessment of internal exposure may capture a broader window of aflatoxin
intake than direct toxin measurement. This discrepancy is consistent with the toxicokinetics of
aflatoxin B1, where rapid metabolism and short half-life of parent compounds limit their
detectability in biological matrices, whereas AFB1-lysine reflects cumulative exposure over time

due to its binding to serum albumin and longer persistence in circulation.
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4.5. Determinants of internal mycotoxin exposure and child growth outcomes
Frequent maize porridge consumption (4-6 times/week) strongly predicted OTA (log[OR]=16.57)
and CIT (log[OR] = 2.59), consistent with similar studies in Tanzania, Zimbabwe, and Cameroon
(Magoha et al., 2014; Hove et al,, 2016; Abia et al., 2013a). Contamination by Aspergillus,
Fusarium, and Penicillium is promoted by high temperature, humidity, rainfall, poor
agronomic/storage practices, and limited regulation (Misihairabgwi et al., 2019; Kebede et al.,
2020). In Tanzania, 50-87% of household maize contained AFs and FB; exceeding guidance
(Kamala ef al., 2015; Suleiman & Rosentrater, 2015; Njumbe et al., 2014; Stafstrom et al., 2025),
while Zimbabwean children <5 years exceeded the FB; provisional maximum tolerable daily
intake (PMTDI) by 196-272% (Hove et al., 2016). Cameroon surveys detected 69 metabolites with
co-exposure to up to five mycotoxins (Ngoko et al., 2001; Abia et al., 2013b; Njumbe et al., 2013;
Fapohunda & Adewunmi, 2019), and infant AFM; (0.01-0.55 ng/mL) reduced WAZ and HAZ Z-
scores (Magoha et al., 2014; Dogan et al., 2022). Co-occurring mycotoxins pose additive risks
(Borowsky et al., 2024), underscoring the need for nixtamalization, improved storage, farmer
education, risk communication, and dietary diversification (Schaarschmidt & Fauhl-Hassek, 2019;

Maris et al., 2025; Ntsoli et al., 2024).

Urban infants had lower CIT (log[OR] =-3.91) and OTA (log[OR] = -1.72) risks, consistent with
Ghana and Malawi, where markets provide better-dried grains and dietary diversity (Kpodo et al.,
2000; Matumba et al., 2015). Rural post-harvest practices increase OTA exposure (Wacoo et al.,
2014; Kamika et al., 2014), and low AFs awareness requires farmer training and good agricultural
practices (GAPs) (Kampete et al., 2025; Warnatzsch et al., 2020; Mabruki et al., 2022). CIT risk
increased with age (log[OR] = 0.157) and girls had higher OTA odds (log[OR] = 1.21) (Castelino

et al., 2015; Piekkola et al., 2012).
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In this study, the Bayesian models suggested a potential positive association between high AFB;
exposure (AFBi-lysine) and stunting (OR =1.70; 95% Crl: 1.02-18.6). However, this result should
be interpreted with caution, as the Crl is wide, reflecting considerable uncertainty in the estimate
and indicating that the evidence remains preliminary rather than confirmatory. Despite this
limitation, the direction of the association is consistent with a hypothesized link between aflatoxin
exposure and impaired linear growth in children. This observation aligns with epidemiological
evidence from LMICs reporting associations between AFs exposure and reduced child growth
outcomes (Watson et al., 2017; Chen et al., 2018; Visser et al., 2020; Rasheed et al., 2021; Watson

etal.,2018; Tessema et al., 2021; .

Mechanistically, AFs exposure may impair child growth by inhibiting protein synthesis, disrupting
hepatic production of insulin-like growth factor-1 (IGF-1), and damaging intestinal integrity,
which may contribute to environmental enteric dysfunction and reduced nutrient absorption during
critical growth periods (Castelino et al., 2015; James et al., 2021; Tessema et al., 2021; Urugo et
al., 2024). Consistent with this proposed mechanism, aflatoxin exposure may have a stronger
relationship with chronic growth indicators such as height-for-age compared with acute
malnutrition outcomes. This could tentatively suggest that, in the present exploratory study, AFB;
exposure was more closely associated with stunting than with wasting, underweight, or low

MUAC (Nejad et al., 2023).

Evidence from various studies in Africa supports this relationship. In Benin and Togo, children
aged 9 months to 5 years with mean serum AFB;-lysine concentrations of 32.8 pg/mg albumin had
lower height-for-age scores (Gong et al, 2003). Cohort studies in Gambia reported growth

impairment at exposure levels of 5-30 pg/mg albumin (Turner ez al., 2007) and 52.3 pg/mg albumin
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(Watson, et al., 2018), while Tanzanian infants with 4.7 pg/mg albumin showed reduced linear
growth (Shirima et al., 2015). Similar associations were reported in Zambia (Alamu et al., 2020),
Kenya (Castelino et al., 2015; Wangia-Dixon et al., 2022). These findings reinforce the role of
AFs exposure as a potential contributor to chronic growth impairment and highlight the need for

integrated food safety and nutrition interventions in high-exposure settings.

Child age was protective against underweight (OR = 0.74; 95% Crl: 0.60-0.87), stunting (OR =
0.73; 95% Crl: 0.61-0.86), and low MUAC (OR = 0.47; 95% Crl: 0.17-0.99), consistent with
patterns observed across SSA (Tamir et al., 2024). Child age was positively associated with OTA
exposure (OR = 2.14 per month), consistent with cumulative intake and OTA’s slower clearance,
while female gender showed lower, non-significant odds, echoing findings that dietary factors
outweigh biological gender in determining exposure (Abia et al., 2013a; Abia et al., 2024). Co-
exposure to many toxins was more frequent among rural children and boys, reflecting complex
dietary patterns. Nigerian infant studies detected at least ten mycotoxins in urine including OTA,
CIT, DON, AFMj, and FBj, highlighting widespread mixed exposure from cereal foods (Ayeni et
al., 2024). Comparable adult data from Cameroon show OTA and CIT detection in 95% and 87%

of urine samples, respectively, often with more than five co-occurring toxins (Abia et al., 2024).

Several observed associations were not fully consistent with expected biological pathways. In
particular, the inverse association between visible mold or insect infestation and OTA exposure
and the elevated AFB; exposure estimated among children reporting infrequent maize porridge
consumption may reflect residual confounding, exposure misclassification, or dietary substitution
patterns. Children consuming maize porridge less frequently may rely more heavily on alternative

complementary foods, including peanut-based products, which are recognized as sources of AFs
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exposure. Regional differences in infant feeding practices may also contribute to these patterns.
Given the relatively small sample size and the wide credible intervals observed for several
predictors, these findings should be considered exploratory and hypothesis-generating rather than
evidence of definitive causal associations. Furthermore, several predictors exhibited very large
effect estimates accompanied by wide Crls, suggesting that the Bayesian model identified potential
exposure signals rather than precise effect sizes. These findings warrant confirmation in larger

longitudinal studies.

4.6. Study limitation and future work

This pilot study had a small sample size and a cross-sectional design, limiting causal inference.
Pilot sample sizes as small as approximately 12 per group are frequently recommended to generate
initial estimates of variability and inform the design of larger studies, and broader guidance
supports range scales consistent with the current study design (Julious, 2005). Only CIT, OTA and
CPA were quantitatively detected despite analyzing for 39 mycotoxins, and dietary data relied on
caregiver recall, which may introduce bias. Other factors affecting growth, such as infections or
micronutrient deficiencies, were not fully accounted for. Larger, longitudinal studies are needed
to better assess mycotoxin exposure over time and its impact on child growth. Broader mycotoxin
screening, evaluation of complementary foods, and interventions targeting maize contamination

and dietary diversification should be pursued.

Conclusion
This study assessed internal exposure to multiple mycotoxins in young children aged 11-23 months
in eastern DRC, with a primary focus on individual biomarkers including OTA, CIT, and AFB;-

lysine, alongside an exploratory assessment of co-exposure patterns. The findings indicate frequent
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exposure to several mycotoxins and suggest that maize-based feeding practices and household
storage conditions may contribute to this exposure profile. Nonetheless, these results provide
baseline evidence of early-life mycotoxin exposure in this setting and its potential relevance for
child growth. However, the co-exposure component was exploratory and limited in scope, and
further studies using larger sample sizes and dedicated multi-toxin exposure models are needed to
fully characterize combined exposure patterns and their health implications. These findings
nevertheless offer important insights to inform targeted nutrition and food safety interventions in

this vulnerable region.

Ethics Approval

The study protocol received ethical clearance from the Comité d’Ethique Institutionnel de
I’Université Catholique de Bukavu (UCB) under approval number UCB/CEI/PB/016/2025.
Written informed consent was obtained from all caregivers before enrollment. Data and biological
samples were collected only after consent, and personal information was maintained with strict

confidentiality and securely managed throughout collection, processing, and transfer.

Funding Information

This study was supported by RUFORUM (Grant number: RU/2024/GTA/CCNY/09), which
funded data collection and provided all materials used for blood sample collection and subsequent
laboratory analyses. Additional support for fieldwork, including the involvement of physicians and

research assistants, was provided by Africa Uninet (Grant PO70 DR Congo).

Conflict of Interest

38



806

807

808

809

810

811

812

813

814

815

816

817

818

819

820
821
822
823

824
825
826
827

828
829
830
831

832
833
834

The authors declare that they have no competing interests or conflicts of interest that could have

influenced the work reported in this manuscript.

Acknowledgements

The authors sincerely thank all participating children, their caregivers, and community health
facilitators in South Kivu for their cooperation. We also acknowledge the technical support
provided by the staff of the Center for Tropical Diseases and Global Health (CTDH) Laboratory,
Université Catholique de Bukavu, and Ghent University, Belgium, in sample processing and
mycotoxin analyses. Special appreciation is extended to the local health authorities in Miti-
Murhesa and Bagira, the provincial health authorities, particularly Justin Bengheya, as well as to
the hospital staff who facilitated the implementation of this study. Furthermore, we gratefully
acknowledge Dr. Benedict Cramer and Prof. Hans-Ulrich Humpf (Institut fiir
Lebensmittelchemie/Institute of Food Chemistry, Universitit Miinster, Germany) for their

valuable support.

References

Abia, W. A., Tchana, A. N., Djonabaye, D., Sarkanj, B., Mfopou, E. Y., Ezekiel, C. N., Sulyok,
M., Turner, P. C., Elliott, C. T., Warth, B., Krska, R., & Moundipa, P. F. (2024).
Assessment of urinary biomarkers of mycotoxin exposure in adults from Cameroon. World
Mpycotoxin Journal, 17(3—4), 191-203. https://doi.org/10.1163/18750796-bjal0010

Abia, W. A., Warth, B., Sulyok, M., Krska, R., Tchana, A. N., Njobeh, P. B., Dutton, M. F., &
Moundipa, P. F. (2013). Determination of multi-mycotoxin occurrence in cereals, nuts and
their products in Cameroon by liquid chromatography tandem mass spectrometry (LC-
MS/MS). Food Control, 31(2), 438—453. https://doi.org/10.1016/j.foodcont.2012.10.006

Abia, W. A., Warth, B., Sulyok, M., Krska, R., Tchana, A., Njobeh, P. B., Turner, P. C.,
Kouanfack, C., Eyongetah, M., Dutton, M., & Moundipa, P. F. (2013). Bio-monitoring of
mycotoxin exposure in Cameroon using a urinary multi-biomarker approach. Food and
Chemical Toxicology, 62, 927-934. https://doi.org/10.1016/;.fct.2013.10.003

Abuya, B. A., Ciera, J., & Kimani-Murage, E. (2012). Effect of mother’s education on child’s
nutritional status in the slums of Nairobi. BMC Pediatrics, 12. https://doi.org/10.1186/1471-
2431-12-80

39



835
836
837
838

839
840
841
842

843
844
845
846
847

848
849
850

851
852
853
854

855
856
857
858

859
860
861

862
863
864
865

866
867
868
869
870

871
872

873
874
875

876

Adams, A. A., Akrofi, M. N. A., & Sarpong, D. B. (2025). The choice of maize (Zea mays L.)
storage facility among farmers in the Sissala East District in northern Ghana: What are the
determinants? Journal of Stored Products Research, 111(March 2024), 3-5.
https://doi.org/10.1016/j.jspr.2025.102571

Adedokun, S. T., & Yaya, S. (2021). Factors associated with adverse nutritional status of
children in sub-Saharan Africa: Evidence from the Demographic and Health Surveys from
31 countries. Maternal & Child Nutrition, 17(3), e13198.
https://doi.org/10.1111/MCN.13198

Akello, J., Ortega-Beltran, A., Katati, B., Atehnkeng, J., Augusto, J., Mwila, C. M., Mahuku, G.,
Chikoye, D., & Bandyopadhyay, R. (2021). Prevalence of Aflatoxin- and Fumonisin-
Producing Fungi Associated with Cereal Crops Grown in Zimbabwe and Their Associated
Risks in a Climate Change Scenario. Foods, 10(2), 287.
https://doi.org/10.3390/foods10020287

Akombi, B. J., Agho, K. E., Merom, D., Renzaho, A. M., & Hall, J. J. (2017). Child malnutrition
in sub-Saharan Africa: A meta-analysis of demographic and health surveys (2006-2016).
PloS One, 12(5). https://doi.org/10.1371/JOURNAL.PONE.0177338

Alamu, E. O., Gondwe, T., Akello, J., Maziya-Dixon, B., & Mukanga, M. (2020). Relationship
between serum aflatoxin concentrations and the nutritional status of children aged 6-24

months from Zambia. International Journal of Food Sciences and Nutrition, 71(5), 593—
603. https://doi.org/10.1080/09637486.2019.1689547

Alberts, J., Rheeder, J., Gelderblom, W., Shephard, G., & Burger, H. M. (2019). Rural
Subsistence Maize Farming in South Africa: Risk Assessment and Intervention models for
Reduction of Exposure to Fumonisin Mycotoxins. Toxins 2019, Vol. 11, Page 334, 11(6),
334. https://doi.org/10.3390/toxins 11060334

Alvito, P., & Pereira-Da-silva, L. (2022). Mycotoxin Exposure during the First 1000 Days of
Life and Its Impact on Children’s Health: A Clinical Overview. Toxins, 14(3), 189.
https://doi.org/10.3390/TOXINS14030189/S1

Amaha, N. D., & Woldeamanuel, B. T. (2021). Maternal factors associated with moderate and
severe stunting in Ethiopian children: analysis of some environmental factors based on 2016
demographic health survey. Nutrition Journal 2021 20:1, 20(1), 18-.
https://doi.org/10.1186/S12937-021-00677-6

Andrews-Trevino, J., Webb, P., Shrestha, R., Pokharel, A., Acharya, S., Chandyo, R., Davis, D.,
Baral, K., Wang, J. S., Xue, K., & Ghosh, S. (2022). Exposure to multiple mycotoxins,
environmental enteric dysfunction and child growth: Results from the AflaCohort Study in
Banke, Nepal. Maternal & Child Nutrition, 18(2), e13315.
https://doi.org/10.1111/men.13315

Arce-l, B., Lizarraga, E., & Vettorazzi, A. (2020). Human Biomonitoring of Mycotoxins in
Blood, Plasma and Serum in Recent Years: A Review. Toxins, 12(147), 1-42.

Arce-Lopez, B., Lizarraga, E., Vettorazzi, A., & Gonzélez-Penas, E. (2020). Human
Biomonitoring of Mycotoxins in Blood, Plasma and Serum in Recent Years: A Review.
Toxins 2020, Vol. 12, Page 147, 12(3), 147. https://doi.org/10.3390/toxins 12030147

Arefaynie, M., Mohammed, A., Tareke, A. A., Keleb, A., Kebede, N., Tsega, Y., Endawkie, A.,

40



877
878
879
880
881

882
883
884
885

886
887
888
889

890
891
892
893

894
895
896

897
898
899
900

901
902
903
904

905
906
907

908
909
910

911
912
913
914

915
916
917
918
919

Kebede, S. D., Abera, K. M., Abeje, E. T., Enyew, E. B., Daba, C., Asmare, L., & Bayou, F.
D. (2024). Educational inequalities and decomposition of the urban-rural disparities in
maternal health care utilization in Ethiopia: further analysis of 2019 intermediate Ethiopian
demography and health survey. BMC Public Health 2024 24:1, 24(1), 3415-.
https://doi.org/10.1186/S12889-024-20689-1

Ashraf, W., Rehman, A., Ahmad, M. ud D., Rabbani, M., Mushtaq, M. H., Aamir, K., Xue, K.
S., & Wang, J. S. (2022). Assessment of aflatoxin B1-lysine adduct in children and its effect
on child growth in Lahore, Pakistan. Food Additives and Contaminants - Part A, 39(8),
1463—1473. https://doi.org/10.1080/19440049.2022.2080871

Ayeni, K. 1., Seki, D., Pjevac, P., Hausmann, B., Krausova, M., Braun, D., Wisgrill, L., Berry,
D., Warth, B., & Ezekiel, C. N. (2024). Biomonitoring of Dietary Mycotoxin Exposure and
Associated Impact on the Gut Microbiome in Nigerian Infants. Environmental Science &
Technology, 58(5), 2236—2246. https://doi.org/10.1021/ACS.EST.3C07786

Binamungu, J., Kimera, S. 1., & Mkojera, B. (2023). Maasai mother’s knowledge on
complementary feeding practices and nutritional status of children aged 6-24 months in
Monduli District, Arusha, Tanzania: A case study of Naitolia village. Food Science &
Nutrition, 11(9), 5338-5350. https://doi.org/10.1002/FSN3.3492

Borowsky, A. M., Rosim, R. E., Tonin, F. G., de Oliveira, C. A. F., & Corassin, C. H. (2024).
Co-Occurrence of Mycotoxins in the Diet and in the Milk of Dairy Cows from the
Southeast Region of Brazil. Toxins , 16(11), 492. https://doi.org/10.3390/toxins16110492

Castelino, J. M., Routledge, M. N., Wilson, S., Dunne, D. W., Mwatha, J. K., & Gachuhi, K.
(2015). Aflatoxin exposure is inversely associated with IGF1 and IGFBP3 levels in vitro
and in Kenyan schoolchildren. Mol Nutr Food Res, 59.
https://doi.org/10.1002/mnfr.201300619

Chen, C., Mitchell, N. J., Gratz, J., Houpt, E. R., Gong, Y., Egner, P. A., Groopman, J. D., Riley,
R. T., Showker, J. L., Svensen, E., Mduma, E. R., Patil, C. L., & Wu, F. (2018). Exposure
to aflatoxin and fumonisin in children at risk for growth impairment in rural Tanzania.
Environment International, 115(6), 29-37. https://doi.org/10.1016/j.envint.2018.03.001

Chilaka, C. A., & Mally, A. (2020). Mycotoxin Occurrence, Exposure and Health Implications in
Infants and Young Children in Sub-Saharan Africa: A Review. Foods 2020, Vol. 9, Page
1585, 9(11), 1585. https://doi.org/10.3390/foods9111585

De Costa, A., & Duggan, C. P. (2021). All moderately wasted children are at risk, but some are
more at risk than others. American Journal of Clinical Nutrition, 114(3), 835-836.
https://doi.org/10.1093/ajcn/nqab187

De Onis, M., Borghi, E., Arimond, M., Webb, P., Croft, T., Saha, K., De-Regil, L. M., Thuita, F.,
Heidkamp, R., Krasevec, J., Hayashi, C., & Flores-Ayala, R. (2018). Prevalence thresholds
for wasting, overweight and stunting in children under 5 years. Public Health Nutrition,
22(1), 175. https://doi.org/10.1017/S1368980018002434

Delgado-Povedano, M. del M., Maris, E., Kellner, N., Mulisa, G., Gdmiz-Gracia, L., Garcia-
Campana, A. M., De Boevre, M., De Saeger, S., & Pero-Gascon, R. (2025). Liquid
chromatography-tandem mass spectrometry for the determination of multiple mycotoxins in
serum through suspect screening and targeted approaches: Advancing human mycotoxin
biomonitoring. Microchemical Journal, 208, 112562.

41



920

921
922
923

924

925
926

927
928
929

930
931
932

933
934
935
936
937

938
939
940
941

942
943
944
945

946
947
948

949
950

951
952
953
954

955
956
957
958

959
960

https://doi.0org/10.1016/J. MICROC.2024.112562

Dembele, B. (2025). Sex differences in child stunting in sub-Saharan Africa: A meta-analysis of
twenty countries from 2010 to 2016. World Nutrition, 16(1), 2—10.
https://doi.org/10.26596/wn.20251612-10

DHS. (2007). Enquéte Démographique et de Santé République Démocratique du Congo 2007.

DHS. (2014). DEUXIEME ENQUETE DEMOGRAPHIQUE ET DE SANTE (EDS-RDC II 2013-
2014).

Dogan, R. A., Afacan, M., & Ozdemir, M. (2022). Determination of aflatoxin M1 in breast milk
and related factors. Revista Da Associagdo Médica Brasileira, 65(8), 1000—1005.
https://doi.org/10.1590/1806-9282.20211077

Ekholuenetale, M., Okonji, O. C., Nzoputam, C. L., & Barrow, A. (2022). Inequalities in the
prevalence of stunting, anemia and exclusive breastfeeding among African children. 22(1),
333-. https://doi.org/10.1186/S12887-022-03395-Y

Ezekiel, C. N., Abia, W. A., Braun, D., garkanj, B., Ayeni, K. 1., Oyedele, O. A., Michael-
Chikezie, E. C., Ezekiel, V. C., Mark, B. N., Ahuchaogu, C. P., Krska, R., Sulyok, M.,
Turner, P. C., & Warth, B. (2022). Mycotoxin exposure biomonitoring in breastfed and non-
exclusively breastfed Nigerian children. Environment International, 158.
https://doi.org/10.1016/j.envint.2021.106996

Ezekiel, C. N., Ayeni, K. I, Sarkanj, B., Sulyok, M., Akinyemi, M. O., Ogara, I. M., Turner, P.
C., Warth, B., & Krska, R. (2025). Urinary biomarker-based seasonal mycotoxin exposure

assessment in rural resident populations of North-central Nigeria. Environment
International, 203. https://doi.org/10.1016/j.envint.2025.109713

Fagbamigbe, A. F., Kandala, N. B., & Uthman, A. O. (2020). Demystifying the factors
associated with rural-urban gaps in severe acute malnutrition among under-five children in
low- and middle-income countries: a decomposition analysis. Scientific Reports 2020 10:1,
10(1), 11172-. https://doi.org/10.1038/s41598-020-67570-w

Fapohunda, S. O., & Adewunmi, A. A. (2019). Croatian Journal of Food Science and
Technology Climate change and mycotoxins-The African experience. Croat. J. Food Sci.
Technol, 11(2), 283-290. https://doi.org/10.17508/CJFST.2019.11.2.09

Fisher AA, Laing JE, S. J. et al. (1991). Handbook for Family Planning Operation Research
Design. 43-45.

Galani, Y. J. H., Orfila, C., & Gong, Y. Y. (2022). A review of micronutrient deficiencies and
analysis of maize contribution to nutrient requirements of women and children in Eastern
and Southern Africa. Critical Reviews in Food Science and Nutrition, 62(6), 1568—1591.
https://doi.org/10.1080/10408398.2020.1844636

Garenne, M., Thurstans, S., Briend, A., Dolan, C., Khara, T., Myatt, M., Seal, A., & Wells, J. C.
(2022). Changing sex differences in undernutrition of African children: findings from
Demographic and Health Surveys. Journal of Biosocial Science, 54(5), 847-857.
https://doi.org/10.1017/S0021932021000468

Gelman, A., Carlin, J. B., Stern, H. S., Dunson, D. B., Vehtari, A., & Rubin, D. B. (2013).
Bayesian data analysis, third edition. Bayesian Data Analysis, Third Edition, 1-646.

42



961
962
963

964
965
966
967
968

969
970
971
972

973
974
975

976
977
978
979

980
981
982

983
984
985
986

987
988
989

990
991

992
993
994
995

996
997
998

999
1000
1001
1002

Gemede, H. F. (2025). Toxicity, Mitigation, and Chemical Analysis of Aflatoxins and Other
Toxic Metabolites Produced by Aspergillus: A Comprehensive Review. Toxins, 17(7), 331.
https://doi.org/10.3390/toxins1707033 1

Gichohi-Wainaina, W. N., Kimanya, M., Muzanila, Y. C., Kumwenda, N. C., Msere, H.,
Rashidi, M., Mponda, O., & Okori, P. (2023). Aflatoxin Contamination, Exposure among
Rural Smallholder Farming Tanzanian Mothers and Associations with Growth among Their
Children. Toxins 2023, Vol. 15, Page 257, 15(4), 257.
https://doi.org/10.3390/TOXINS 15040257

Gong, Y. Y., Egal, S., Hounsa, A., Turner, P. C., Hall, A. J., Cardwell, K. F., & Wild, C. P.
(2003). Determinants of aflatoxin exposure in young children from Benin and Togo, West
Africa: the critical role of weaning. International Journal of Epidemiology, 32, 556-562.
https://doi.org/10.1093/ije/dyg109

Gong, Y. Y., Watson, S., & Routledge, M. N. (2016). Aflatoxin Exposure and Associated
Human Health Effects, a Review of Epidemiological Studies. Food Safety (Tokyo, Japan),
4(1), 14-27. https://doi.org/10.14252/FOODSAFETYFSCJ.2015026

Han, Z., Tangni, E. K., Di Mavungu, J. D., Vanhaecke, L., De Saeger, S., Wu, A., & Callebaut,
A. (2013). In Vitro Glucuronidation of Ochratoxin A by Rat Liver Microsomes. 7Toxins
2013, Vol. 5, Pages 2671-2685, 5(12), 2671-2685.
https://doi.org/10.3390/TOXINS5122671

Hove, M., De Boevre, M., Lachat, C., Jacxsens, L., Nyanga, L. K., & De Saeger, S. (2016).
Occurrence and risk assessment of mycotoxins in subsistence farmed maize from
Zimbabwe. Food Control, 69, 36—44. https://doi.org/10.1016/j.foodcont.2016.04.038

James, A. S., Ugwor, E. 1., Adebiyi, V. A., Ezenandu, E. O., Ugbaja, V. C., James, A. S., Ugwor,
E. 1., Adebiyi, V. A., Ezenandu, E. O., & Ugbaja, V. C. (2021). Aflatoxin and Disruption of
Energy Metabolism. Aflatoxins - Occurrence, Detoxification, Determination and Health
Risks. https://doi.org/10.5772/intechopen.97042

Joutsjoki, V. V., & Korhonen, H. J. (2021). Management strategies for aflatoxin risk mitigation
in maize, dairy feeds and milk value chains—case study Kenya. Food Quality and Safety, 5.
https://doi.org/10.1093/fqsafe/fyab005

Julious, S. A. (2005). Sample size of 12 per group rule of thumb for a pilot study.
Pharmaceutical Statistics, 4(4), 287-291. https://doi.org/10.1002/PST.185

Kamala, A., Kimanya, M., Lachat, C., Jacxsens, L., Haesaert, G., Kolsteren, P., Ortiz, J.,
Tiisekwa, B., & De Meulenaer, B. (2017). Risk of Exposure to Multiple Mycotoxins from
Maize-Based Complementary Foods in Tanzania. Journal of Agricultural and Food
Chemistry, 65(33), 7106—7114. https://doi.org/10.1021/ACS.JAFC.6B03429,

Kamala, A., Ortiz, J., Kimanya, M., Haesaert, G., Donoso, S., Tiisekwa, B., & De Meulenaer, B.
(2015). Multiple mycotoxin co-occurrence in maize grown in three agro-ecological zones of
Tanzania. Food Control, 54, 208-215. https://doi.org/10.1016/j.foodcont.2015.02.002

Kamika, I., Mngqgawa, P., Rheeder, J. P., Teffo, S. L., & Katerere, D. R. (2014). Mycological and
aflatoxin contamination of peanuts sold at markets in Kinshasa, Democratic Republic of

Congo, and Pretoria, South Africa. Food Additives and Contaminants: Part B Surveillance,
7(2), 120-126. https://doi.org/10.1080/19393210.2013.858187

43



1003
1004
1005

1006
1007
1008
1009

1010
1011
1012

1013
1014
1015
1016

1017
1018
1019

1020
1021
1022

1023
1024
1025

1026
1027
1028
1029

1030
1031

1032
1033
1034
1035

1036
1037
1038
1039

1040
1041
1042
1043

1044

Kampete, A., Msowoya, L., & Phiri, C. K. (2025). Assessment of Aflatoxin Contamination in
Malted Maize and Finger Millet at Msundwe Market, Malawi. Journal of Research
Innovation and Implications in Education, 9(1), 52—64. https://doi.org/10.59765/saia9859

Kandala, N. B., Madungu, T. P., Emina, J. B. O., Nzita, K. P. D., & Cappuccio, F. P. (2011).
Malnutrition among children under the age of five in the Democratic Republic of Congo
(DRC): Does geographic location matter? BMC Public Health, 11.
https://doi.org/10.1186/1471-2458-11-261

Kebede, H., Liu, X., Jin, J., & Xing, F. (2020). Current status of major mycotoxins
contamination in food and feed in Africa. Food Control, 110, 106975.
https://doi.org/10.1016/j.foodcont.2019.106975

Kismul, H., Acharya, P., Mapatano, M. A., & Hatlay, A. (2017). Determinants of childhood
stunting in the Democratic Republic of Congo: Further analysis of Demographic and Health
Survey 2013-14. BMC Public Health, 18(1), 1-14. https://doi.org/10.1186/s12889-017-
4621-0

Kpodo, K., Thrane, U., & Hald, B. (2000). Fusaria and fumonisins in maize from Ghana and
their co-occurrence with aflatoxins. International Journal of Food Microbiology, 61(2-3),
147-157. https://doi.org/10.1016/S0168-1605(00)00370-6

Li, K., Cai, H., Luo, B., Duan, S., Yang, J., Zhang, N., He, Y., Wu, A., & Liu, H. (2025). Recent
Progress of Mycotoxin in Various Food Products-Human Exposure and Health Risk
Assessment. Foods (Basel, Switzerland), 14(5). https://doi.org/10.3390/FOODS 14050865

Lombard, M. J. (2014). Mycotoxin exposure and infant and young child growth in Africa: what
do we know? Annals of Nutrition & Metabolism, 64 Suppl 2, 42-52.
https://doi.org/10.1159/000365126

Luzingu, J. K., Stroupe, N., Alaofe, H., Jacobs, E., & Ernst, K. (2022). Risk factors associated
with under-five stunting, wasting, and underweight in four provinces of the Democratic
Republic of Congo: analysis of the ASSP project baseline data. BMC Public Health, 22(1),
2422. https://doi.org/10.1186/S12889-022-14842-X

Lwanga, S. K., Lemeshow, S., & Organization, W. H. (1991). Sample size determination in
health studies : a practical manual. https://iris.who.int/handle/10665/40062

Mabruki, F., Makundi, 1., & Temba, B. A. (2022). Knowledge, Awareness and Post-harvest
Practices Predisposing Stored Maize to Aflatoxin Contamination in Morogoro Municipality
and Makambako District, Tanzania. American Journal of Public Health Research, Vol. 10,
2022, Pages 134-142, 10(4), 134-142. https://doi.org/10.12691/ajphr-10-4-1

Magembe, K. S., Mwatawala, M. W., & Mamiro, D. P. (2016). Mycotoxin contamination in
stored maize and groundnuts based on storage practices and conditions in subhumid tropical
Africa: The case of kilosa district, Tanzania. Journal of Food Protection, 79(12), 2160—
2166. https://doi.org/10.4315/0362-028X.JFP-15-550

Magoha, H., Kimanya, M., De Meulenaer, B., Roberfroid, D., Lachat, C., & Kolsteren, P.
(2014). Association between aflatoxin M exposure through breast milk and growth
impairment in infants from northern Tanzania. World Mycotoxin Journal, 7(3), 277-284.
https://doi.org/10.3920/WMJ2014.1705

Malir, F., Louda, M., Ostry, V., Toman, J., Ali, N., Grosse, Y., Malirova, E., Pacovsky, J.,

44



1045
1046
1047
1048

1049
1050
1051

1052
1053
1054
1055
1056

1057
1058
1059

1060
1061
1062
1063

1064
1065
1066
1067

1068
1069
1070
1071

1072
1073
1074
1075

1076
1077
1078
1079

1080
1081
1082

1083
1084
1085

1086

Pickova, D., Brodak, M., Pfohl-Leszkowicz, A., & Degen, G. H. (2019). Analyses of
biomarkers of exposure to nephrotoxic mycotoxins in a cohort of patients with renal
tumours. Mycotoxin Research 2019 35:4, 35(4), 391-403. https://doi.org/10.1007/S12550-
019-00365-9

Malir, F., Ostry, V., Pfohl-Leszkowicz, A., Malir, J., & Toman, J. (2016). Ochratoxin A: 50
Years of Research. Toxins 2016, Vol. 8, Page 191, 8(7), 191.
https://doi.org/10.3390/toxins8070191

Maris, E., Ndlangamandla, P., Adelusi, O. A., Akinmoladun, O. F., Odukoya, J. O., Fagbohun,
R. T., Oyeyinka, S. A., Sekhejane, P., Pero-Gascon, R., De Boevre, M., Croubels, S.,
Njobeh, P. B., & De Saeger, S. (2025). Nixtamalization of Maize to Reduce Mycotoxin
Exposure: A Human Biomonitoring Intervention Study in Soweto, South Africa. Toxins,
17(11), 527. https://doi.org/10.3390/TOXINS17110527/S1

Marume, A., Kasanzu, S., & Chirenda, J. (2025). Socio-economic and rural-urban disparities in
the double burden of childhood malnutrition in sub-Saharan Africa. Journal of Health,
Population, and Nutrition, 44(1), 335. https://doi.org/10.1186/s41043-025-01075-y

Matumba, L., Sulyok, M., Njoroge, S. M. C., Njumbe Ediage, E., Van Poucke, C., De Saeger, S.,
& Krska, R. (2015). Uncommon occurrence ratios of aflatoxin B1, B2, G1, and G2 in maize
and groundnuts from Malawi. Mycotoxin Research, 31(1), 57-62.
https://doi.org/10.1007/s12550-014-0209-z

Meijer, N., Kleter, G., de Nijs, M., Rau, M. L., Derkx, R., & van der Fels-Klerx, H. J. (2021).
The aflatoxin situation in Africa: Systematic literature review. Comprehensive Reviews in
Food Science and Food Safety, 20(3), 2286—2304. https://doi.org/10.1111/1541-
4337.12731,

Miderho, C. C., Njue, L. G., Abong, G. O., Mubagwa, K., & Sulyok, M. (2025). Assessment of
knowledge, attitude and practice of mothers/caregivers on mycotoxin contamination of
infants and young children porridge in the Democratic Republic of Congo. Mycotoxin
Research, 1-19. https://link.springer.com/10.1007/s12550-025-00597-y

Miderho, C. C., Njue, L. G., Abong, G. O., Mubagwa, K., & Sulyok, M. (2026). Mycotoxin
exposure assessment from maize flour-based porridge consumed by infants and young

children in South Kivu, Democratic Republic of the Congo. Journal of Food Composition
and Analysis, 151, 108949. https://doi.org/10.1016/J.JFCA.2026.108949

Misihairabgwi, J. M., Ezekiel, C. N., Sulyok, M., Shephard, G. S., & Krska, R. (2019).
Mycotoxin contamination of foods in Southern Africa: A 10-year review (2007-2016).
Critical Reviews in Food Science and Nutrition, 59(1), 43-58.
https://doi.org/10.1080/10408398.2017.1357003

Mollay, C. (2025). Early Childhood Dietary Exposure of Aflatoxins and Fumonisins in
Tanzania: Role in Child Stunting and Possible Interventions (2003—2024). Food Science &
Nutrition, 13(12), €71346. https://doi.org/10.1002/FSN3.71346

Mollay, C., Kassim, N., Stoltzfus, R., & Kimanya, M. (2021). Complementary feeding in
Kongwa, Tanzania: Findings to inform a mycotoxin mitigation trial. Maternal & Child
Nutrition, 17(4). https://doi.org/10.1111/MCN.13188

Mollay, C., Kimanya, M., Kassim, N., & Stoltzfus, R. (2022). Main complementary food

45



1087
1088

1089
1090
1091

1092
1093
1094
1095

1096
1097
1098
1099

1100
1101
1102
1103
1104

1105
1106

1107
1108
1109
1110

1111
1112
1113
1114

1115
1116
1117
1118

1119
1120
1121
1122

1123
1124
1125

1126
1127
1128

ingredients contributing to aflatoxin exposure to infants and young children in Kongwa,
Tanzania. Food Control, 135, 108709. https://doi.org/10.1016/J FOODCONT.2021.108709

Montgomery, R. (2025). Sample size justification in feasibility studies: moving beyond
published guidance. Pilot and Feasibility Studies 2025 11:1, 11(1), 88-.
https://doi.org/10.1186/S40814-025-01675-9

Mporanyi, T., Condo, J., Absolomon, G., Mporanyi, M., Rubuga, F. K., & Munyanshongore, C.
(2025). Influence of maternal knowledge of causes and consequences of stunting on infant
and young child feeding practices in Rwanda. Scientific Reports, 15(1), 44481.
https://doi.org/10.1038/S41598-025-28082-7

Muioz, K., Blaszkewicz, M., & Degen, G. H. (2010). Simultaneous analysis of ochratoxin A and
its major metabolite ochratoxin alpha in plasma and urine for an advanced biomonitoring of
the mycotoxin. Journal of Chromatography B, 878(27), 2623-2629.
https://doi.org/10.1016/J.JCHROMB.2009.11.044

Murarkar, S., Gothankar, J., Doke, P., Pore, P., Lalwani, S., Dhumale, G., Quraishi, S., Patil, R.,
Waghachavare, V., Dhobale, R., Rasote, K., Palkar, S., & Malshe, N. (2020). Prevalence
and determinants of undernutrition among under-five children residing in urban slums and
rural area, Maharashtra, India: a community-based cross-sectional study. BMC Public

Health, 20(1), 1559. https://doi.org/10.1186/s12889-020-09642-0

Nankinga, O., Kwagala, B., & Walakira, E. J. (2019). Maternal employment and child nutritional
status in Uganda. PloS One, 14(12). https://doi.org/10.1371/JOURNAL.PONE.0226720

Nejad, B. G., Mostafaei, Z., Rezaabad, A. B., Mehravar, F., Zarei, M., Dehghani, A., Estabragh,
M. A. R., Karami-Mohajeri, S., & Alizadeh, H. (2023). A systematic review with meta-

analysis of the relation of aflatoxin B1 to growth impairment in infants/children. BMC
Pediatrics, 23(1), 1-15. https://doi.org/10.1186/S12887-023-04275-9/FIGURES/7

Ngaruye, 1., Nzabanita, J., Niragire, F., Rizinde, T., Nkurunziza, J., Ndikubwimana, J. B.,
Ruranga, C., Kabano, 1., N. Muhoza, D., & Ahishakiye, J. (2023). Child stunting prevalence
determination at sector level in Rwanda using small area estimation. BMC Nutrition 2023
9:1, 9(1), 147-. https://doi.org/10.1186/S40795-023-00806-W

Ngoko, Z., Marasas, W. F. O., Rheeder, J. P., Shephard, G. S., Wingfield, M. J., & Cardwell, K.
F. (2001). Fungal infection and mycotoxin contamination of maize in the Humid Forest and
the Western Highlands of Cameroon. Phytoparasitica, 29(4), 352-360.
https://doi.org/10.1007/BF02981849

Ngure, F. M., Kassim, N., Phillips, E. L., & Turner, P. C. (2023). Infant and Young Child
Feeding Practices and Mycotoxin Contamination of Complementary Food Ingredients in

Kongwa District, Tanzania. Current Developments in Nutrition, 7(2).
https://doi.org/10.1016/j.cdnut.2023.100030

Nji, Q. N., Babalola, O. O., Nleya, N., & Mwanza, M. (2022). Underreported Human Exposure
to Mycotoxins: The Case of South Africa. Foods 2022, Vol. 11, Page 2714, 11(17), 2714.
https://doi.org/10.3390/FOODS11172714

Nji, Q. N., & Mwanza, M. (2024). Three-year multi-mycotoxin analysis of South African
commercial maize from three provinces. Frontiers in Fungal Biology, 5, 1426782.
https://doi.org/10.3389/ffunb.2024.1426782

46



1129
1130
1131
1132

1133
1134
1135

1136
1137
1138
1139

1140
1141
1142
1143

1144
1145
1146
1147

1148
1149
1150
1151
1152

1153
1154
1155
1156
1157

1158
1159
1160
1161
1162

1163
1164
1165
1166

1167
1168
1169
1170
1171

Njumbe Ediage, E., Diana Di Mavungu, J., Song, S., Sioen, 1., & authors, more. (2013).
Multimycotoxin analysis in urines to assess infant exposure. a case study in Cameroon.-
Source link-Environment International (Environ Int).
https://doi.org/10.1016/J. ENVINT.2013.04.002

Njumbe Ediage, E., Diana Di Mavungu, J., Song, S., Sioen, 1., & De Saeger, S. (2013).
Multimycotoxin analysis in urines to assess infant exposure: A case study in Cameroon.
Environment International, 57-58, 50-59. https://doi.org/10.1016/j.envint.2013.04.002

Njumbe Ediage, E., Hell, K., & De Saeger, S. (2014). A comprehensive study to explore
differences in mycotoxin patterns from agro-ecological regions through maize, peanut, and

cassava products: A case study, cameroon. Journal of Agricultural and Food Chemistry,
62(20), 4789—-4797. https://doi.org/10.1021/j£501710u

Ntsoli, P. G., Boat Bedine, M. A., Baleba, C. C., Tchatcho Ngalle, S. F., Djoko Kouam, L., Titti,
R. W., Etame Kossi, G. M., & Yaouba, A. (2024). Postharvest Practices, Perceptions, and

Knowledge of Mycotoxins among Groundnut Farmers in the Adamawa, Centre, and North
Regions of Cameroon. Scientifica, 2024. https://doi.org/10.1155/2024/5596036

Nyamasege, C. K., Kimani-Murage, E. W., Wanjohi, M., Kaindi, D. W. M., & Wagatsuma, Y.
(2021). Effect of maternal nutritional education and counselling on children’s stunting
prevalence in urban informal settlements in Nairobi, Kenya. Public Health Nutrition,
24(12), 3740-3752. https://doi.org/10.1017/S1368980020001962

Ojuri, O. T., Ezekiel, C. N., Eskola, M. K., garkanj, B., Babalola, A. D., Sulyok, M., Hajslova,
J., Elliott, C. T., & Krska, R. (2019). Mycotoxin co-exposures in infants and young children
consuming household- and industrially-processed complementary foods in Nigeria and risk
management advice. Food Control, 98(11), 312-322.
https://doi.org/10.1016/j.foodcont.2018.11.049

Ojuri, O. T., Ezekiel, C. N., Sulyok, M., Ezeokoli, O. T., Oyedele, O. A., Ayeni, K. 1., Eskola,
M. K., garkanj, B., Hajslova, J., Adeleke, R. A., Nwangburuka, C. C., Elliott, C. T., &
Krska, R. (2018). Assessing the mycotoxicological risk from consumption of
complementary foods by infants and young children in Nigeria. Food and Chemical
Toxicology, 121, 37-50. https://doi.org/10.1016/j.fct.2018.08.025

Owolabi, I. O., Siwarak, K., Greer, B., Rajkovic, A., Dall’asta, C., Karoonuthaisiri, N.,
Uawisetwathana, U., Elliott, C. T., & Petchkongkaew, A. (2023). Applications of
Mycotoxin Biomarkers in Human Biomonitoring for Exposome-Health Studies: Past,
Present, and Future. Exposure and Health 2023 16:3, 16(3), 837-859.
https://doi.org/10.1007/S12403-023-00595-4

Patra, S., Sambharkar, S., Harode, S., Barde, K., & Pillewan, A. (2024). Acute malnutrition
associated with mid-upper arm circumference among under-five children in tribal areas,
India: a cross-sectional study. Public Health Nutrition, 28(1), el3.
https://doi.org/10.1017/S1368980024002465

Phillips, E., Ngure, F. M., Kassim, N., Turner, P. C., Makule, E., Smith, L. E., Makori, N.,
Cramer, B., Humpf, H. U., Nelson, R. J., & Stoltzfus, R. J. (2025). The effect of an
intervention to reduce aflatoxin consumption from 6 to 18 mo of age on length-for-age z-

scores in rural Tanzania: a cluster-randomized trial. American Journal of Clinical Nutrition,
121(2), 333-342. https://doi.org/10.1016/j.ajcnut.2024.11.022

47



1172
1173
1174
1175
1176

1177
1178
1179
1180

1181
1182
1183
1184

1185
1186
1187
1188

1189
1190
1191
1192

1193
1194
1195

1196
1197
1198

1199
1200
1201
1202

1203
1204
1205
1206
1207

1208
1209
1210
1211

1212
1213
1214

Piekkola, S., Turner, P. C., Abdel-Hamid, M., Ezzat, S., El-Daly, M., El-Kafrawy, S.,
Savchenko, E., Poussa, T., Woo, J. C. S., Mykkénen, H., & El-Nezami, H. (2012).
Characterisation of aflatoxin and deoxynivalenol exposure among pregnant Egyptian
women. Food Additives and Contaminants - Part A, 29(6), 962-971.
https://doi.org/10.1080/19440049.2012.658442

Rasheed, H., Xu, Y., Kimanya, M. E., Pan, X., Li, Z., Zou, X., Shirima, C. P., Holmes, M.,
Routledge, M. N., & Gong, Y. Y. (2021). Estimating the health burden of aflatoxin

attributable stunting among children in low income countries of Africa. 1-11.
https://doi.org/10.1038/s41598-020-80356-4

Riwa, F. P., Odgers-Jewell, K., Jones, M. A., & Mushi, A. A. (2025). The Prevalence and
Determinants of Undernutrition Among Infants and Children Aged 6 Months to 5 Years in

Sub-Saharan African Countries: A Systematic Scoping Review. Nutrition Reviews, 83(7),
e1896—1916. https://doi.org/10.1093/nutrit/nuael 89

Rono, V. K., Ogema, V., & Chesambu, A. (2018). Factors Affecting Adoption Of Hermetic Bags
Technology Among Smallholder Farmers In Busia County, Kenya.
Pdfs.Semanticscholar.Org, 5(3), 18.
https://pdfs.semanticscholar.org/d7ee/dba056atbb38977fdd02f14909008e0ef4cd.pdf

Sahiledengle, B., Mwanri, L., Blumenberg, C., & Agho, K. E. (2023). Gender-specific
disaggregated analysis of childhood undernutrition in Ethiopia: evidence from 2000-2016
nationwide survey. BMC Public Health, 23(1), 2040. https://doi.org/10.1186/s12889-023-
16907-x

Schaarschmidt, S., & Fauhl-Hassek, C. (2019). Mycotoxins during the Processes of
Nixtamalization and Tortilla Production. Toxins, 11(4), 227.
https://doi.org/10.3390/toxins11040227

Scott, P. M. (2005). Biomarkers of human exposure to ochratoxin A. Food Additives and
Contaminants, 22(SUPPL. 1), 99-107.
https://doi.org/10.1080/02652030500410315;WGROUP:STRING:PUBLICATION

Shirima, C. P., Kimanya, M. E., Kinabo, J. L., Routledge, M. N., Srey, C., Wild, C. P., & Gong,
Y. Y. (2013). Dietary exposure to aflatoxin and fumonisin among Tanzanian children as

determined using biomarkers of exposure. Molecular Nutrition & Food Research, 57(10),
1874—1881. https://doi.org/10.1002/MNFR.201300116

Shirima, C. P., Kimanya, M. E., Routledge, M. N., Srey, C., Kinabo, J. L., Humpf, H. U., Wild,
C.P,Tu, Y.K, & Gong, Y. Y. (2015). A prospective study of growth and biomarkers of
exposure to aflatoxin and fumonisin during early childhood in Tanzania. Environmental
Health Perspectives, 123(2), 173-178.
https://doi.org/10.1289/EHP.1408097/SUPPL_FILE/EHP.1408097.S001.508.PDF

Stafstrom, W., Ngure, F., Mshanga, J., Wells, H., Nelson, R. J., & Mischler, J. (2025). Modeling
maize aflatoxins and fumonisins in a Tanzanian smallholder system: Accounting for diverse
risk factors improves mycotoxin models. PLOS ONE, 20(1), e0316457.
https://doi.org/10.1371/journal.pone.0316457

Studer-Rohr, 1., Schlatter, J., & Dietrich, D. R. (2000). Kinetic parameters and intraindividual
fluctuations of ochratoxin A plasma levels in humans. Archives of Toxicology, 74(9), 499—
510. https://doi.org/10.1007/S002040000157/METRICS

48



1215
1216
1217
1218
1219
1220

1221
1222
1223
1224

1225
1226
1227
1228

1229
1230
1231
1232

1233
1234
1235
1236

1237
1238
1239
1240

1241
1242
1243
1244

1245
1246
1247
1248

1249
1250
1251
1252

1253
1254
1255
1256

1257

Sugri, 1., Moses, O., Asamoah, L., Samuel, B. S. J., Stephen, N. k., Yahaya, A., & Lamini, S.
(2015). Journal of Stored Products and Postharvest Research Aflatoxin management in
Northern Ghana : Current prevalence and priority ... Aflatoxin management in Northern
Ghana : Current prevalence and priority strategies in maize ( Zea mays L ). Journal of
Stored Products and Postharvest Research, 6(6), 48-55.
https://doi.org/10.5897/JSPPR2015.0184

Suleiman, R., & Rosentrater, K. (2015). Current maize production, postharvest losses and the
risk of Mycotoxins contamination in Tanzania. American Society of Agricultural and
Biological Engineers Annual International Meeting 2015, 4, 3289-3414.
https://doi.org/10.13031/aim.20152189434

Tamir, T. T., Gezhegn, S. A., Dagnew, D. T., Mekonenne, A. T., Aweke, G. T., & Lakew, A. M.
(2024). Prevalence of childhood stunting and determinants in low and lower-middle income

African countries: Evidence from standard demographic and health survey. PLOS ONE,
19(4), €0302212. https://doi.org/10.1371/journal.pone.0302212

Tamir, T. T., Tekeba, B., Aemro, A., Wassie, M., & Mekonen, E. G. (2025). Prevalence, spatial
distribution, and determinants of wasting among children under five in Senegal: spatial and

multilevel analyses of the 2023 Senegal Demographic and Health Survey. Frontiers in
Public Health, 13, 1543945. https://doi.org/10.3389/fpubh.2025.1543945

Tesema, G. A., Yeshaw, Y., Worku, M. G., Tessema, Z. T., & Teshale, A. B. (2021). Pooled
prevalence and associated factors of chronic undernutrition among under-five children in
East Africa: A multilevel analysis. PLoS ONE, 16(3), €0248637.
https://doi.org/10.1371/JOURNAL.PONE.0248637

Tessema, M., Groote, H., Brouwer, 1. D., Boevre, M., Corominas, A. V, & Stoecker, B. J.
(2021). Exposure to aflatoxins and fumonisins and linear growth of children in rural
Ethiopia: a longitudinal study. Public Health Nutr, 24.
https://doi.org/10.1017/S1368980021000422

Thabane, L., Ma, J., Chu, R., Cheng, J., Ismaila, A., Rios, L. P., Robson, R., Thabane, M.,
Giangregorio, L., & Goldsmith, C. H. (2010). A tutorial on pilot studies: the what, why and
how. BMC Medical Research Methodology 2010 10:1, 10(1), 1-.
https://doi.org/10.1186/1471-2288-10-1

Thenuwara, G., Javed, B., Singh, B., Byrne, H. J., & Tian, F. (2024). Sex- and Gender-Specific
Considerations in Mycotoxin Screening: Assessing Differential Exposure, Health Impacts,
and Mitigation Strategies. Microbiology Research 2024, Vol. 15, Pages 2455-2492, 15(4),
2455-2492. https://doi.org/10.3390/microbiolres15040165

Thurstans, S., Opondo, C., Seal, A., Wells, J., Khara, T., Dolan, C., Briend, A., Myatt, M.,
Garenne, M., Sear, R., & Kerac, M. (2020). Boys are more likely to be undernourished than
girls: a systematic review and meta-analysis of sex differences in undernutrition. BMJ
Global Health, 5(12), €004030. https://doi.org/10.1136/bmjgh-2020-004030

Turner, P. C., Collinson, A. C., Cheung, Y. B., Gong, Y., Hall, A. J., Prentice, A. M., & Wild, C.
P. (2007). Aflatoxin exposure in utero causes growth faltering in Gambian infants.
International Journal of Epidemiology, 36(5), 1119—1125.
https://doi.org/10.1093/IJE/DYM122

Turner, P. C., & Snyder, J. A. (2021). Development and Limitations of Exposure Biomarkers to

49



1258
1259

1260
1261
1262
1263
1264

1265
1266
1267
1268

1269
1270
1271

1272
1273
1274

1275
1276
1277
1278

1279
1280
1281

1282
1283
1284
1285

1286
1287
1288

1289
1290
1291
1292
1293

1294
1295

1296
1297
1298

1299

Dietary Contaminants Mycotoxins. Toxins, 13(5).
https://doi.org/10.3390/TOXINS 13050314

Urugo, M. M., Teka, T. A., Lema, T. B., Lusweti, J. N., Djedjibegovic, J., Lachat, C.,
Tesfamariam, K., Mesfin, A., Astatkie, T., & Abdel-Wahhab, M. A. (2024). Dietary
aflatoxins exposure, environmental enteropathy, and their relation with childhood stunting.
International Journal of Food Sciences and Nutrition, 75(3), 241-254.
https://doi.org/10.1080/09637486.2024.2314676

Visser, M. E., Schoonees, A., Ezekiel, C. N., Randall, N. P., & Naude, C. E. (2020). Agricultural
and nutritional education interventions for reducing aflatoxin exposure to improve infant
and child growth in low- and middle-income countries. Cochrane Database of Systematic
Reviews, 2020(4). https://doi.org/10.1002/14651858.CD013376.PUB2,

Wacoo, A. P., Wendiro, D., Vuzi, P. C., & Hawumba, J. F. (2014). Methods for Detection of
Aflatoxins in Agricultural Food Crops. Journal of Applied Chemistry, 2014(2014), 1-15.
https://doi.org/10.1155/2014/706291

Wamani, H., Astrom, A. N., Peterson, S., Tumwine, J. K., & Tylleskir, T. (2007). Boys are more
stunted than girls in Sub-Saharan Africa: a meta-analysis of 16 demographic and health
surveys. BMC Pediatrics, 7, 17. https://doi.org/10.1186/1471-2431-7-17

Wangia-Dixon, R. N., Quach, T. H. T., Song, X., Ombaka, J., Githanga, D. P., Anzala, O. A., &
Wang, J. S. (2022). Determinants of aflatoxin exposures in Kenyan School-aged children.
International Journal of Environmental Health Research, 32(6), 1183—1191.
https://doi.org/10.1080/09603123.2020.1854192

Warnatzsch, E. A., Reay, D. S., Camardo Leggieri, M., & Battilani, P. (2020). Climate Change
Impact on Aflatoxin Contamination Risk in Malawi’s Maize Crops. Frontiers in
Sustainable Food Systems, 4, 591792. https://doi.org/10.3389/fsufs.2020.591792

Watson, S., Gong, Y. Y., & Routledge, M. (2017). Interventions targeting child undernutrition in
developing countries may be undermined by dietary exposure to aflatoxin. Critical Reviews
in Food Science and Nutrition, 57(9), 1963—1975.
https://doi.org/10.1080/10408398.2015.1040869

Watson, S., Moore, S. E., Darboe, M. K., Chen, G., Tu, Y.-. K., & Huang, Y.-. T. (2018).
Impaired growth in rural Gambian infants exposed to aflatoxin: a prospective cohort study.
BMC Public Health, 18. https://doi.org/10.1186/s12889-018-6164-4

Watson, S., Moore, S. E., Darboe, M. K., Chen, G., Tu, Y. K., Huang, Y. T., Eriksen, K. G.,
Bernstein, R. M., Prentice, A. M., Wild, C. P., Xu, Y., Routledge, M. N., & Gong, Y. Y.
(2018). Impaired growth in rural Gambian infants exposed to aflatoxin: a prospective cohort
study. BMC Public Health 2018 18:1, 18(1), 1247-. https://doi.org/10.1186/s12889-018-
6164-4

WHO. (2006). World Health Organization Growth Standards. Acta Paediatrica, 5—6.
http://www.who.int/childgrowth/standards/Technical report.pdf?ua=1

Xu, Y., Gong, Y. Y., & Routledge, M. N. (2018). Aflatoxin exposure assessed by aflatoxin
albumin adduct biomarker in populations from six African countries: REVIEW ARTICLE.
World Mycotoxin Journal, 11(3), 411-419. https://doi.org/10.3920/WMJ2017.2284

Yard, E. E., Daniel, J. H., Lewis, L. S., Rybak, M. E., Paliakov, E. M., Kim, A. A., Montgomery,

50



1300
1301
1302
1303

1304

J. M., Bunnell, R., Abudo, M. U., Akhwale, W., Breiman, R. F., & Sharif, S. K. (2013).
Human aflatoxin exposure in Kenya, 2007: a cross-sectional study. Food Additives &

Contaminants. Part A, Chemistry, Analysis, Control, Exposure & Risk Assessment, 30(7),
1322. https://doi.org/10.1080/19440049.2013.789558

51



Figure 1. Study area in South Kivu Province, Democratic Republic of Congo

Administrative boundaries were derived from shapefiles provided by the Humanitarian Data Exchange

(https://data. humdata.org/dataset/drc-health-data ). The map was developed in ArcGIS 10.4.1 (ESRI, Redlands, CA,
USA, 2023) by Christus Miderho.
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Figure 2. Serum concentrations and detection rates of mycotoxins grouped by gender.
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Figure 3. Serum concentrations and detection rates of mycotoxins grouped by residence (urban

vs rural)



Figure 4. Distribution of mycotoxins co-exposure levels by gender or by residence (rural vs.

urban)



Table 1. Definition of variables included in Bayesian regression models

Variable Description Type
Dependent variables
CIT_high High citrinin exposure Binary outcome
OTA_high High ochratoxin A exposure Binary outcome
AFB1_detected Detection of aflatoxin B1-lysine Binary outcome
Stunting Height-for-age z -score (HAZ) < -2 SD Binary outcome
Wasting Weight-for-height z-score (WHZ) < -2 SD Binary outcome
Underweight Weight-for-age z-score (WAZ) < -2 SD Binary outcome
MAM Moderate acute malnutrition (WHZ between -3 and | Binary outcome
-2 SD)
SAM Severe acute malnutrition (WHZ < -3 SD) Binary outcome
Low_MUAC Mid-upper arm circumference < 12.5 cm Binary outcome
Independent variables

Age Infant age at sampling (months) Continuous
Gender Infant gender (boy/girl) Binary
Location Household residence (urban/rural) Binary
Grain sorting Frequency of maize sorting before cooking Categorical
Food washing Washing of maize grains before preparation Binary
Porridge frequency | Frequency of maize porridge consumption Categorical
Maize source Source of maize consumed Categorical
Visible Presence of mold or insects in stored maize Binary
mold/insects

Table 2: Household and maternal characteristics of study participants stratified by residence

(urban vs. rural), with statistical comparisons.

Characteristic Urban (n=38) Rural Test p-value
(n=32)
Gender of the child
Boy 15 (39.5%) 21 (65.6%) =44 0.036*
Girl 23 (60.5%) 11 (34.4%)
Number of children <5
1 10 (26.3%) 10 (31.2%) =54 0.068"
2-3 22 (57.9%) 21 (65.6%)




>4 | 6.(15.8%) | 13.1%) |

Maternal education level
None 5 (13.2%) 12 (37.5%) ¥=9.1 0.028*
Primary 13 (34.2%) 11 (34.4%)
Secondary 17 (44.7%) 9 (28.1%)
Higher education | 3(7.9%) 0 (0.0%)

Maternal occupation

Farmer 4 (10.5%) 21 (65.6%) v=41.2 <0.001 ***
Entrepreneur 9 (23.7%) 8 (25%)
Housewife 19 (50%) 2 (6.3%)
Student 2 (5.3%) 1(3.1%)
None 4 (10.5%) 0 (0.0%)

Significance levels are shown as p < 0.05 (*), p < 0.01 (**), p<0.001 (***), and not significant (ns).

Table 3: Food handling, storage and child feeding practices among study participants, stratified

by place of residence (urban vs. rural), with corresponding statistical comparisons.

Characteristic ‘ Urban (n=38) | Rural (n=32) Test p-value
Maize storage location
Hermetic bags (PICS) 3(7.9%) 4 (12.5%) ¥ =9.38 0.031*
On the ground 31(81.6%) 21 (65.6%)
Granary 4 (10.5%) 7(21.9%)
Food storage duration, 12.0 (7.0-14.0) 7.0 (3.0-14.0) | W=482.5 | 0.242"
days
Storage cleaning frequency
Weekly 30 (78.9%) 26 (81.3%) =284 0.038*
Monthly 6 (15.8%) 1 (3.1%)
Rarely 1 (2.6%) 4 (12.5%)
Never 1(2.6%) 1 (3.1%)
Visible mold or insects
No 20 (52.6%) 21 (65.6%) ¥ =0.73 0.392m
Yes 18 (47.4%) 11 (34.4%)
Grain sorting practice
Always 26 (68.4%) 15 (46.9%) =718 0.0276*
Sometimes 8 (21.1%) 5 (15.6%)
Never 4 (10.5%) 12 (37.5%)
Maize porridge frequency
Daily 12 (31.6%) 15 (46.9%) ¥?=13.84 | <0.001***
4-6x/week 1 (2.6%) 7 (21.9%)




1-3x/week 14 (36.9%) 9 (28.1%)
Rarely 11 (28.9%) 1(3.1%)
Food washing practice
Always 24 (63.2%) 1(3.1%) ¥ =9.81 <0.001***
Sometimes 14 (36.8%) 31 (96.9%)
Maize source
Buy 20 (52.6%) 1 (3.1%) ¥ =21.01 | <0.001***
Grow 6 (15.8%) 31 (96.9%)
Both 12 (31.6%) 0 (0.0%)
Processed food consumption
Yes 27 (71.1%) 16 (50.0%) =272 0.09™
No 11 (28.9%) 16 (50.0%)

Significance levels are shown as p < 0.05 (*), p < 0.01 (**), p<0.001 (***), and not significant (ns).

Table 4: Prevalence of malnutrition indicators among study children in Bagira and Miti-Murhesa
health zones, stratified by residence (urban vs. rural) and gender, including results of chi-square
tests for group differences.

Indicator Urban Rural »* (p-value) Boys Girls (n=33) ¥* (p-value) Overall
(n=38) (n=32) (n=36) Prevalence
(%)
Stunting 11 (28.9%) 12 (37.5%) 5.75(0.048)* | 17 (47.2%) | 6 (18.1%) 6.2 (0.023)** 333
Wasting 2 (5.3%) 5 (15.6%) 1.18 (0.277)™ | 5(13.9%) 2 (6.1%) 1.38 (0.503)™ 10.1
Underweight | 5 (13.2%) 8 (25.0%) 1.33 (0.248)™ | 9 (25.0%) 4 (12.1%) 1.71 (0.191)™ 18.8
MAM 1 (2.6%) 1 (3.1%) 0.02 (0.887)™ | 1 (2.8%) 1 (3.0%) 0.01 (0.915)™ 2.9
SAM 0 (0.0%) 1 (3.1%) 1.20 (0.273)™ | 1 (2.8%) 0 (0.0%) 1.01 (0.315)™ 1.4
Low MUAC | 1 (2.6%) 2 (6.2%) 0.03 (0.857)™ | 2 (5.6%) 1 (3.0%) 0.34 (0.844)™ 43

Values are presented as n (%). x? indicates the Pearson Chi-square statistic. Percentages were calculated using group-specific denominators.
Low mid-upper arm circumference (MUAC) was defined as < 12.5 cm. Moderate acute malnutrition (MAM) corresponds to MUAC between
11.5 and 12.4 cm, while severe acute malnutrition (SAM) corresponds to MUAC < 11.5 cm. Overall prevalence represents the proportion of
affected children in the total study sample. Significance levels are shown as p < 0.05 (*), p < 0.01 (**), p<0.001 (***), and not significant (ns).




Table 5. Determinants of high citrinin (CIT_high), high ochratoxin A (OTA_high) and detection

of aflatoxin B1 (AFB)-lysine) exposure.

Citrinin (CIT_high)
Variable Log[OR] OR = 95% Crl (log) Posterior
exp(log[OR]) probability
Age 0.157 1.17 0.00 - 0.33 1
Porridge 4-6/week 2.59 13.33 0.53 - 6.09 0.92
Porridge daily 3.28 26.58 2.81-9.60 0.90
Urban residence -3.91 0.02 -8.52 - -0.07 1.00
Ochratoxin A (OTA_high)
Female child 1.21 3.35 -0.05 - 2.78 0.96
Porridge 4-6/week 16.57 1.57 x 107 2.38 -29.37 1
Rare porridge 5.25 190.6 -0.83 - 11.57 0.97
Maize cultivated 1.54 4.66 -0.38 -4.32 0.97
Urban residence -1.72 0.18 -3.00 - -1.02 1.00
Visible mold/insects -1.91 0.15 -5.81--0.26 1.00
Aflatoxin B1 (AFB1)-lysine detection)
Porridge daily 1.97 7.17 0.50-3.33 0.99
Rare porridge 2.36 10.59 0.75-3.29 0.99
Visible mold/insects 0.92 2.51 -0.38 - 2.36 0.92
Estimates are log odds ratios (log[OR] = In[OR]) with 95% credible intervals (Crl) on the log scale and posterior probabilities.
CIT_high, OTA_high, and AFB;-lysine indicate elevated citrinin, ochratoxin A exposure, and detection of the aflatoxin Bi-lysine
biomarker.

Table 6. Bayesian associations between mycotoxin exposure biomarkers and child

undernutrition indicators.

Variable | Wasting Underweight | MAM SAM Low MUAC Stunting
B OR B OR B OR B OR B OR B OR
95% | (95% | (95% | (95% | (95% | (95% (95% | (95% (95% | (95% | (95% | (95%
CD) Crh | CD Crh | Q) Crl) CD) Crl) CI Crth | C) Crl)




CIT_ 2.15 856 [0.742 |2.10 |17.8 5.16e7 | -108 | 0(0,0) 6.09 | 440 0.364 | 144
high (- (0.35- | (- (0.16- | (17.8, | (5.16¢€7, | (- (- (O- (- (0.12;
1.05, |405) |1.82, |48.3) |17.8) |5.16e7) | 108, - 6.37, |2.7e8) | 2.108; | 7.79)
6.00) 3.88) 108) 19.4) 2.933)
AFB;- 1.46 1.03 | 1327 | 1.59 | 169 2.14e7 | 62.2 |992e26 |554 |254 1.55 1.70
Lysine (0.12, | (0.5- [ (0.3, |(0.05-|(16.9, | (2.14e7, | (62.2, | (9.92e26, | (- (O- (0.715; | (1.02;
high 2.91) |3.47) |3.65 |8.6) 16.9) | 2.14e7) | 62.2) | 9.92e¢26) | 8.48, | 5.4e8) | 2.923) | 18.6)
20.1)
OTA_ 1.98 0.14 | 1.11 3.04 |-3.26 |0.04 -90.2 |1 0(0,0) =779 |0 0.437 | 1.55
high (0.73, | (O- (- (0.18- | (-3.26, | (0.04, (- (- O, (- (0.10;
2.15) |8.58) | 1.71, |69.8) |-3.26) |0.04) 90.2, 21.2, |362) |2.311; |8.34)
4.24) - 5.89) 3.344)
90.2)
Child -0.224 1 0.80 | -0.307 | 0.74 |-0.319 | 0.73 -38.7 1 0(0,0) -0.746 | 047 | -0.311 | 0.73
age (- (0.57- | (- (0.60- | (- (0.73, (- (- (0.17- | (- (0.61;
0.554, | 1.03) | 0.507, | 0.87) | 0.319, | 0.73) 38.7, 1.77,-10.99) |0.495; | 0.86)
0.034) - - - 0.013) -
0.143) 0.319) 38.7) 0.155)
Female |-0.493 |0.61 |0.244 |[1.28 |0.444 | 1.56 -2.92 | 5e-2 (5e- | -0.402 | 0.67 |0.526 | 1.69
(- (0.10- | (- (0.40- | (0.444, | (1.56, (- 2,5e-2) | (- (0.01- | (- (0.56;
2.32, 1 4.00) |0.907, | 4.03) | 0.444) | 1.56) 2.92, 473, |20.1) | 0.575; | 5.77)
1.39) 1.39) - 3.00) 1.752)
2.92)
Co- 0903 [ 247 |-0.76 047 |-16.6 |0(0,0) |443 |1.72¢19 |-4.16 |[0.02 |-0.462 |0.63
exposure | (- (0.29- | (- (0.10- | (-16.6, 44.3, | (1.72e19, | (- (0- (- (0.16;
high 1.22, |5.7) 2.31, |[1.93) |-16.6) 44.3) | 1.72e19) | 124, | 10.6) | 1.849; | 2.32)
2.93) 0.659) 2.36) 0.841)
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