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Abstract

Aflatoxins are a group of naturally occurring mycotoxins, which can lead to death and
are a known cause of hepatocellular carcinoma. AF exposure has been hypothesised
to lead to stunted growth in children, but separating the AF effect from other deter-
minants of linear growth retardation is difficult. The study used secondary data from
an efficacy trial conducted in young children in southern Mexico to test the compar-
ative efficacy of a milk-based multiple micronutrient-fortified food, a multiple micro-
nutrient syrup, or a multiple micronutrient powder. The effect of serum AFB4-lysine
adduct level on incremental growth was tested using a longitudinal mixed model, con-
trolling for key individual, maternal, and household-level covariates. AFB4-lysine
adduct was detectable in all but 2 of the 347 children in the study (median exposure:
0.82 pg/mg albumin). AF exposure was associated (p < .05) with greater linear growth:
an increase equivalent to the sample interquartile range (~0.5 pg AFB;-lysine/mg
albumin) was associated (p < .05) with an increase in the child's height-for-age deficit
of 1.5 to 2.0 mm in the 4 months from baseline (average age 8 months) to follow-up
(average age 12 months); the magnitude of the difference in the 10-month follow-up
was smaller and not statistically significant. This study documents that low-dose AF
exposure was associated with greater child linear growth. Given its toxicity and carci-
nogenicity, our results do not change the urgent need to drastically reduce human AF
exposure. Our findings show that the association between AF exposure and linear
growth is more complex than previously thought.
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AF-contaminated foods poses important health risks. High doses of

AFB1 can lead to death from aflatoxicosis. Chronic exposure, particu-

Aflatoxins (AFs) are a group of naturally occurring mycotoxins. Asper-
gillus flavus and Aspergillus parasiticus, the two most common AF-pro-
ducing fungi, frequently contaminate important food crops including
maize and peanuts. Drought and stress in the field increase the prob-
ability of fungal infection of crops. AFs can be produced when con-
taminated crops are not sufficiently dried before they are put in
storage or when stored under humid conditions (Pitt et al., 2012).
AFM; and AFM,, two AF metabolites, can be found in milk and milk

products when animals are fed contaminated fodder. Exposure to

larly in combination with hepatitis B infection, can lead to hepatocel-
lular carcinoma (Pitt et al, 2012). AF exposure appears to
disproportionally affect the poor. A recent study in a group of poor
rural women in Kenya, for instance, showed that serum AFB;-lysine
adduct levels in women with the worst socio-economic background
were 4.7 to 7.1 times higher than those in women who were less poor
(Leroy, Wang, & Jones, 2015).

AF exposure has also been hypothesised to lead to stunted

growth in children. Observational studies conducted in West Africa
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documented an association between AFB, exposure and linear growth
retardation in utero and in infants and young children (Y. Gong et al.,
2004; Y. Y. Gong et al, 2002; Shuaib et al., 2010; Turner et al.,
2007). Inferring causality from these studies is hard as it is difficult
to separate the effects of AF exposure from other determinants of
stunted linear growth such as inadequate dietary intake and infections
(Wild, Miller, & Groopman, 2016; Leroy, 2013).

In this paper, we seek to better understand the association
between AFB; exposure and linear growth retardation in young chil-
dren in southern Mexico. Maize is a staple food in the diet of Mexican
adults and children (Flores et al., 2010; Rodriguez-Ramirez, Mundo-
Rosas, Garcia-Guerra, & Shamah-Levy, 2011). Even though regulatory
limits for maize and maize products have been established, AF con-
tamination levels above these limits have been observed (Castillo-
Urueta, Carvajal, Méndez, Meza, & Galvez, 2011). We used longitudi-
nal data from a multiple micronutrient supplementation trial to esti-
mate the association between serum AFB;-lysine adduct levels and
linear growth in young children. Exposure to AF through milk (which
could contain AFM; and AFM,) is not the subject of our study.

2 | SUBJECTS AND METHODS

2.1 | Study setting

The study used archived serum samples from an efficacy trial con-
ducted in the context of Mexico's Oportunidades program. Archived
samples were available for about one third of children who partici-
pated in the efficacy trial.

The Oportunidades program has a total of 5.8 million enrolled ben-
eficiary households. The program's objective is to break the intergen-
erational cycle of poverty by investing in human capital. The program
provides conditional cash transfers and includes a strong nutrition
component (Leroy, Ruel, & Verhofstadt, 2009). Low adherence to
the daily consumption of the program's milk-based multiple micronu-
trient fortified food (called Nutrisano) and the high cost of the food
prompted the government to commission a trial to compare its effi-
cacy with two micronutrient supplements (clinical trial registry:
NCT00531674, clinicaltrials.gov). Fifty-four communities in Mexico's
southern states of Tabasco, Veracruz, Oaxaca, and Puebla were ran-
domly assigned to one of three supplementation arms: Nutrisano, a
multiple micronutrient syrup or a multiple micronutrient powder.
Nutrient composition of the three supplements is shown in Table 1.
A target sample of 20 beneficiary children aged 6 to 12 months were

enrolled per community.

2.2 | Data collection

A baseline survey (988 households) was conducted from November
2005 to January 2006, before the start of the supplementation. Data
were collected on a wide range of socio-economic variables, including
education levels of the mother or primary caregiver, housing charac-
teristics, and asset ownership. A food frequency questionnaire was
used to assess the child's dietary intake: the mother or primary care-
giver of the child was asked to recall the number of days, times each

day, and usual quantity consumed each time of approximately 126
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Key messages

e Contrary to our expectations, we found a significant
association between higher serum aflatoxin level and

greater linear growth in children.

e Future research should focus on better understanding
the effects of aflatoxin (and mycotoxin) exposure on
underlying pathways, such as environmental enteric

and micronutrient

dysfunction, immune function,

metabolism.

e Our results do not change the urgent need to increase
efforts to reduce and eventually eliminate human

aflatoxin exposure.

food items. Trained fieldworkers who were standardised in anthropo-
metric measurement techniques collected child height and weight data
(Lohman, Roche, & Martorell, 1988). Dietary intake and anthropomet-
ric data of child beneficiaries were collected again at the 4 and
10 months follow-ups. A 7 ml venous blood sample was collected at
the 4-month follow-up by trained phlebotomists using trace ele-
ment-free collection tubes (Vacutainer, Becton Dickenson, Franklin
Lakes, New Jersey, USA). The samples were stored on ice for
20-30 min before being centrifuged at room temperature in the field
clinic. Serum was transferred to trace element-free microtubes and
frozen in liquid nitrogen. The samples were transported (on liquid
nitrogen) and stored at -70 °C at the nutrition laboratory of Mexico's
National Institute of Public Health in Cuernavaca.

Supplementation was closely monitored and observed by local

fieldworkers throughout the length of the study. Consumption of the

TABLE 1 Nutritional content of the supplements®

Fortified food Miconutrient

(Nutrisano) powder Syrup

Daily quantity to be 44 g 10¢g 5m
consumed

Energy (kcal) 194 — —
Protein (g) 5.8 — —
Carbohydrates (g) 27.9 — —
Lipid (g) 6.6 - -
Sodium (mg) 24.5 — —
Iron (mg®) 10.0 10.0 10.0
Zinc (mg°) 10.0 10.0 10.0
Vitamin A (ug ER( 400.0 400.0 400.0
Vitamin E (ug ET) 6.0 6.0 6.0
Vitamin C (mg) 50.0 50.0 50.0
Vitamin B, (mg) 0.8 0.8 0.8
Vitamin By, (ug) 0.7 0.7 0.7
Folic acid (ug) 50.0 50.0 50.0

“Micronutrients added to all three products are expected to supply 100%
of the daily requirement for these micronutrients for this age group. The
fortified food (Nutrisano) was formulated to supply 20% of energy.

bIron in the fortified food and the syrup was in the form of ferrous gluco-
nate; in the micronutrient powder, ferrous fumarate was used.

Zinc gluconate was used in all three products.


http://clinicaltrials.gov
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multiple micronutrient supplement, including the quantity consumed,
were recorded daily (except on Sundays). Daily monitoring visits were
conducted over a period of 9 months—the intended length of the sup-

plementation program.

2.3 | Laboratory analyses

Archived serum samples from a subsample of 355 children were
analysed for AFB;-lysine adduct with high-performance liquid chro-
matography (HPLC)-fluorescence method (Qian et al., 2013). Serum
samples were thawed and measured for albumin and total protein
concentrations. Of each serum sample, 150 pl was digested by
pronase to release AFB;-lysine adduct. AFB1-lysine adduct in digests
were extracted and purified further by passing through a Waters
MAX SPE cartridge, which was preprimed with methanol and equili-
brated with water. Purified AFB1-lysine adduct was eluted with 2%
formic acid in methanol. The eluent was vacuum dried with a
Labconco Centrivap concentrator (Kansas City, MO) and subsequently
reconstituted for HPLC-fluorescence detection.

An Agilent 1200 HPLC-fluorescence system (Santa Clara, CA) was
used for the analysis of serum AFB-lysine adduct. The mobile phases
consisted of buffer A (20 mM NH4H2PO4, pH 7-2) and buffer B
(100% methanol). The Zorbax Eclipse XDB-C18 reverse phase column
(5 micron, 4.6 x 250 mm) was used with a flow rate of 1 ml/min. A gra-
dient was generated to separate the AFB1-Lysine adduct within
25 min. The adduct was detected by fluorescence at maximum excita-
tion (405 nm) and emission (470 nm) wavelengths. The standard
AFB1-lysine adduct was eluted at approximately 13.0 min. Daily qual-
ity assurance and quality control procedures included simultaneous
analysis of one authentic standard in every 10 samples and two quality
control samples. The limit of detection was 0.2 pg/mg albumin. The
average recovery rate was 90%. The calibration curve of authentic
standard was generated to calculate serum AFB;-lysine adduct con-
centration according to the peak area integrated from the chromato-
gram. Final AFB;-lysine adduct concentration (pg) was adjusted by

serum albumin content (mg).

2.4 | Statistical analyses

To assess whether exposure to AF was associated with linear growth,
we used two outcome measures: the child's absolute height and
height-for-age difference (HAD). HAD is calculated as the difference
between a child's height (in cm) and the age- and child-specific median
height from the 2006 World Health Organization growth standards
(WHO Multicentre Growth Reference Study Group, 2006). HAD is
preferred over height-for-age z-scores when assessing changes with
age (Leroy, Ruel, Habicht, & Frongillo, 2014, 2015).

Serum AFB;-lysine adduct level was used as a measure of AF
exposure. Strong significant associations between dietary AFB, expo-
sures and AFB4-lysine adduct level have been found in human popula-
tions in several regions of the world (J.-S. Wang et al., 2001; J. S.
Wang et al., 1996; Wild et al., 1996). Serum AFB;-lysine adduct level
is considered the most reliable biomarker of human AF exposure. Due
to the adduct's long in vivo half-life (up to 3-4 weeks), it reflects inte-

grated exposures over longer time periods (3-6 months).
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An asset index was created using principal component analysis.

The asset index included information on the ownership of seven
assets in functioning condition and excluded assets owned by fewer
than 10% of households. The first component (explaining 30% of total
variability) was used in the analyses. We created binary indicators for
the consumption of flesh foods, eggs, and vitamin A-rich fruits and
vegetables as measures of dietary quality. The proportion of the sup-
plement consumed was calculated by averaging the daily proportion
over the follow-up period.

Characteristics of children (and their respective households) who
had their blood tested for serum AF and those who did not were com-
pared using two-sample t tests with robust standard errors for contin-
uous variables and the Pearson chi-squared statistic corrected for
clustering (due to children living in the same community) and con-
verted into an F statistic for categorical variables (Rao & Scott, 1984;
Wooldridge, 2003).

To assess whether exposure to AF was associated with linear
growth, we fitted a longitudinal mixed model with child as a random
effect (that is child as a grouping variable with a random intercept by
child). Height (or HAD) at the 4- and 10-month follow-up was thus
regressed on serum AFB;-lysine adduct level measured at the 4-
month follow-up (but reflecting exposure in the months preceding
the 4-month follow-up) using Stata's mixed command (Stata version
14.0 software, Statacorp). The full Stata command to estimate the
model is provided in the Supporting Information. To assess whether
the association between AF exposure and growth was different at
the 4- and 10-month follow-up, a “time x serum AFB;-lysine adduct
level” interaction term was included in the model. All models con-
trolled for the following covariates: child sex and age (squared),
whether the child was born prematurely, child height (or HAD) at
enrolment, whether the child consumed flesh foods, eggs, and vitamin
A-rich fruits and vegetables in the 7 days preceding the follow-up sur-
vey, maternal education, whether the mother was single, household
size (i.e., number of individuals) at enrolment, home and asset owner-
ship at enrolment, supplementation trial arm, and the follow-up survey
date (continuous variable) to control for seasonality. The child's height
(or HAD) at baseline was included to control for baseline differences in
height between children. Nearly all children reportedly consumed
dairy (a known determinant of linear growth) in the 7 days preceding
the survey, so this variable was not included in the model. In addition
to estimating the association between growth and the actual serum
AFB;-lysine adduct level, we limited the potential influence of the
skewed distribution by using the log-transformed serum adduct level
(dropping two observations with unobservable [zero] serum AFB;-
lysine adduct level) and by removing outliers, that is, observations
above the 99th percentile (4.10 pg/mg albumin) resulting in four
dropped observations. A basic model without covariates is presented
in the Supporting Information.

We conducted several sensitivity analyses to assess the robust-
ness of our findings. First, we fitted a reduced version of the model
specified above, that is, a model with only those socio-economic
covariates that were statistically significant in the full model. Second,
we fitted a longitudinal child random-effects mixed model that
included height (or HAD) at all 3-time points but left out child height

(or HAD) at enrolment as a covariate (all other covariates were the
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same as in the main model specified above). Third, we estimated the
association of AF exposure with child height (or HAD) at baseline.
Finally, we fitted the main model and added child dietary energy
intake as a covariate. The results of all sensitivity analyses are shown
in the Supporting Information. The standard errors in all models were
adjusted for the (potential) lack of independence between observa-
tions in the same community using a clustered sandwich estimator
(using the vce (cluster) option in Stata).

The possible effect of loss to follow-up between the 4- and 10-
month follow-up was analysed by predicting attrition using a regres-
sion model with the same independent variables as in the model
described above. Loss to follow-up was unrelated to serum AFB4-

lysine adduct level or height at baseline (results not shown).

2.5 | Ethics approval and consent to participate

The protocols governing the data collection were approved by the
Research, Biosafety and Ethics Commissions of the National Institute
of Public Health in Cuernavaca, Mexico. Written informed consent
for participation was obtained before the start of each interview from

the mother or the self-identified decision maker.

3 | RESULTS

Complete data were available for 347 children at baseline and the 4-
month follow-up and for 304 children at the 10-month follow-up
(Figure S1). Study children came from households that were on aver-
age composed of six individuals and half lived in houses owned by
the household (Table 2). Around 30% of mothers had not completed
primary education. The children, half of whom were boys, were on
average 8.1 months of age at baseline. At baseline, children were
2.5 cm shorter than the median expected length for their age and
sex; this deficit increased to 3.0 cm 10 months later. AFB;-lysine
adduct was detectable in all but two of the analysed serum samples.
The mean level of serum AFB;-lysine adduct was 0.82 pg/mg albumin.
There were no meaningful differences in characteristics between the
group of children who had their blood tested for serum AF and the
group who did not (Table S1).

Serum AFB;-lysine adduct levels at the 4-month follow-up were
significantly associated with greater children's linear growth from
baseline (when they were around 8 months of age) to the 4-month fol-
low-up (when the average age was around 12 months; Figure 1, Table
S2). The effect of a 1 pg/mg albumin in serum AFB4-lysine adduct
level (in the two model specifications that minimised the effect of out-
liers) was around 0.3 cm for absolute height and 0.4 cm for HAD. The
effect sizes for linear growth from baseline to the 10-month follow-up
(average age 18 months) were not significantly different from 0. The
reduced model resulted in similar coefficients as the full model (Table
S3, Figure S2). Omitting baseline height (or HAD) from the model
increased the standard errors of the estimates (due to increased resid-
ual noise) to the extent that most coefficients were no longer signifi-
cant (Table S4, Figure S3). The third sensitivity analyses showed that
serum AFB;-lysine adduct level as measured at the 4-month follow-

up was not associated with height (or HAD) at enrolment (Table S5,
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TABLE 2 Descriptive statistics of study children
Mean (SD)
or % N
Household
Size 5.98 (2.35) 347
Own house 46.69 347
Mother
Single 10.37 347
Education
None/primary incomplete 31.12 108
Primary complete 28.24 98
(Some) secondary 40.63 141
Child
Male, % 47.84 347
Premature, % 11.53 347
Age, months
Baseline 8.12 (2.56) 347
4-month follow-up 12.33 (2.59) 347
10-month follow-up 18.66 (2.65) 304
Difference in age between baseline and
4-month follow-up 4.21 (0.27) 347
10-month follow-up 10.56 (0.48) 311
Serum AFB;-lysine adduct at 0.82 (0.72) 347
4-month follow-up, pg/mg albumin
Height-for-age difference (HAD)
Baseline -2.46 (2.36) 347
4-month follow-up -2.64 (2.58) 347
10-month follow-up -3.03 (2.80) 304
Height-for-age Z-score (HAZ)
Baseline -1.07 (1-03) 347
4-month follow-up -1.06 (1-04) 347
10-month follow-up -1-07 (0-98) 304
Consumption of food groups
in the past 7 days
Flesh foods
4-month follow-up 87.61 347
10-month follow-up 95.07 304
Eggs
4-month follow-up 66.57 347
10-month follow-up 86.18 304
Vitamin A rich foods
4-month follow-up 65.42 347
10-month follow-up 56.91 304
Intervention group
Nutrisano 27.95 97
Syrup 37.75 131
Sprinkles 34.29 119
Compliance (% of supplement consumed)
4-month follow-up 74.99 347
10-month follow-up 79.91 304

Figure S4). Adding child dietary energy intake to the model (Table
Sé, Figure S5) did not lead to meaningful changes in the parameter

estimates.
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FIGURE 1 Association between serum
AFB;-lysine adduct level and height (left) or
height-for-age difference (HAD, right) at the
4- and 10-month follow-up. Regression
coefficients and 95% Cls (adjusted for
clustering at the locality level using the
Huber-White sandwich estimator) from the
longitudinal mixed model are shown. Models
controlled for child sex and age (squared),
whether the child was born prematurely, child
height (or HAD) at enrolment, child dietary
diversity, maternal education, whether the
mother was single, household size (i.e.,
number of individuals) at enrolment, home
and asset ownership at enrolment,
supplementation trial arm, and the follow-up

4 month

10 month
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survey date. The models were estimated using -
actual serum AFB;-lysine adduct level, log- ’
transformed serum adduct level (dropping two

observations with unobservable [zero] serum

AFB;-lysine adduct level), and actual serum

AFB-lysine adduct level without 4 outliers

(observations above the 99th percentile, i.e.,

4.10 pg/mg albumin). The number of

observations ranged from 651 to 644

4 | DISCUSSION

We found that AF exposure was nearly ubiquitous among a group of
young children of around 12 months of age in southern Mexico, but
serum AFB;-lysine adduct levels were considerably lower than those
documented in young children in other regions. In Benin, mean expo-
sure in children 16- to 37-month old ranged from 2.48 to 25.06 pg
AFB;-lysine/mg albumin (ELISA-obtained levels in the Benin study
were rescaled using a factor of 4.76 to make them comparable with
the results in our study; Y. Gong et al., 2004; McCoy et al., 2008); in
Bangladesh, the median was 13.79 pg AF B1-lysine/mg albumin in
2-year-old children (Groopman et al., 2014).

Contrary to our expectations, we found a significant association
between higher serum AF level and greater linear growth in children.
An increase in AF level equivalent to the sample interquartile range
(around 0.5 pg AFB;-lysine/mg albumin) was associated with an esti-
mated increase in HAD (i.e., a reduction in the child's height deficit)
of around 2.0 mm in the 4 months from baseline (average age
8 months) to follow-up (average age 12 motnhs). Given the short fol-
low-up period, this is a considerable difference. The magnitude of the
difference in the longer (10 months) follow-up period became smaller
and lost statistical significance.

A possible limitation of our study is the use of secondary data,
that is, the study was not specifically designed to assess the effect
of AF exposure. AF levels could only be assessed for a subset of chil-
dren. We did not find any meaningful differences in characteristics
between the group of children who had their blood tested for serum
AF and the group who did not (Table S1). Another limitation is the
use of observational (nonexperimental) data, which does not allow us
to infer causality. A large set of known confounders, however, were
controlled for. The child's height (or HAD) at baseline was included
as a covariate in each model, that is, we controlled for baseline

T T
00 02 0.4 0.6 08 -04 -02 0.0 0.2 04 06 0.8
cm cm

Actual AFB1 ® Log(AFB1) @ AFB1 w/o outliers

differences in height between children. A possible explanation of the
association with growth could be that serum AFB;-lysine adduct level
was negatively associated with enrolment height and had no effect on
height at 4 months; this would induce an association between serum
AFB;-lysine adduct level and growth. Our analyses show no evidence
of a negative association at enrolment (Table S5, Figure S5). In
addition, dropping height (or HAD) at enrolment from the model
(Table S4, Figure S4) led to larger standard errors (as would be
expected) but did not fundamentally change the magnitude of the
estimates.

Confounding due to household socio-economic status is unlikely
either. The positive association of AF and linear growth is opposite
to what one would expect if the results were due to confounding. Sec-
ond, none of the children in this study came from extremely poor
households as all were beneficiaries of Mexico's Oportunidades pro-
gram. This program provides households with substantial cash trans-
fers and health and nutrition education (Leroy et al., 2009). In
addition, it is unlikely that children suffered from severe micronutrient
deficiencies. Children in this study either received a fortified comple-
mentary food (part of the standard Oportunidades package for children
6 to 24 months of age) or a multiple micronutrient supplement (either
in the form of a syrup or as sprinkles). With 75% and 80% of the total
recommended dose consumed (at the 4- and 10-month follow-up,
respectively), compliance was high. In addition, all models controlled
for a range of household socio-economic variables, maternal charac-
teristics, variables describing the quality of the child's diet, supplemen-
tation arm, and compliance.

Another possible confounder is energy intake: if (low) energy intake
was a growth-limiting factor, then a larger intake of maize (the most
likely source of AF exposure in this population), and thus energy could
be associated with both higher serum AF levels and better growth.

Adding total dietary energy intake to the model as a covariate did not
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meaningfully change the parameter estimates, however, indicating that

it was not a confounding factor (Table Sé, Figure S5).

Serum AFB;-lysine adduct level reflect integrated exposures over
a 3 to 6 months time period. The 4 months serum AFB;-lysine adduct
level used in our analyses was thus a good marker for exposure from
baseline to the first (4 month) follow-up. The much smaller (nonsignif-
icant) association at the 10-month follow-up may simply indicate that
it was not a good measure of exposure during this longer follow-up
period, which could be a consequence of variability in AF exposure
over time. Alternatively, the underlying biological mechanism affecting
growth might be different in these older children or the association of
AF with growth may decrease over time.

This is the first study to document that low-dose AF exposure is
associated with greater linear growth in children. Previous research
in poultry has documented low-dose stimulatory effects of AF expo-
sure. Low levels of AFB; were shown to lead to an increase in humoral
immune response and have a growth-promoting effect (Diaz,
Calabrese, & Blain, 2008; Yunus & Bohm, 2013). In combination with
the high-dose growth-inhibiting effect demonstrated in the same stud-
ies, it has been used as evidence of hormesis. Hormesis is defined as
low-dose stimulation and high-dose inhibition and has been explained
as an exaggerated repair response to low level stressors (Davies, 2016;
Diaz et al., 2008). We note that our results, by themselves, do not
prove the existence of hormesis in children; in addition to the associ-
ation with low serum AF levels shown here, it would require the dem-
onstration of a negative growth effect at higher exposure levels.

The biological pathways that might explain the negative associa-
tion between AF and linear growth documented in previous studies
are poorly understood. Environmental enteric dysfunction,
immunomodulation, and changes in the hepatic metabolism of
micronutrients have been proposed as possible mechanisms
(Khlangwiset, Shephard, & Wu, 2011; Smith, Stoltzfus, & Prendergast,
2012). Our study did not collect biomarkers for these, so we do not
know if the low-dose AF exposure might have been associated with
any of these mechanisms in our study subjects.

What are the implications of our findings? Our results do not
change the urgent need to increase efforts to reduce and eventually
eliminate human AF exposure. The toxicity and chronic carcinogenic-
ity of AFs are well established (Pitt et al., 2012). In addition, AF con-
tamination of food crops greatly limits the ability of low- and
middle-income countries to access export markets (Roy, 2013). Our
findings, however, show that the association between AF exposure
and linear growth might be more complex than previously thought.
Linear growth retardation in children reflects the deprived environ-
ments in which children grow up. Through this poor environment, it
is associated with, and thus predicts future outcomes such as reduced
cognitive development and school achievement. Short stature by
itself, however, is not causally linked to these outcomes, but this con-
cept appears to be poorly understood (see for instance Etzel [2014]
and page 91 in Pitt et al. [2012]). The primary objective of efforts to
reduce AF exposure in children should therefore not be to increase lin-
ear growth. The primary concern should be to reduce the burden of
well-established consequences of exposure (aflatoxicosis and cancer).
In addition, future research should focus on better understanding

the effects of AF (and mycotoxin) exposure on environmental enteric
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dysfunction, systemic inflammation, immunomodulation, and changes
in the hepatic metabolism of micronutrients (Khlangwiset et al.,
2011; Smith et al., 2012). Once the negative effects on these out-
comes have been confirmed, they become additional reasons to
reduce AF exposure, as all of them limit young children's ability to

develop into healthy productive adults.

5 | CONCLUSION

Contrary to our expectations, we found a significant association
between higher serum AF level and greater linear growth in children.
We conducted several sensitivity analyses that confirmed the robust-
ness of our findings. Our results together with previous evidence on
the toxicity and chronic carcinogenicity of AFs, do not change the
urgent need to increase efforts to reduce and eventually eliminate
human AF exposure. At the same time, we provide evidence that the
association between AF exposure and linear growth may be more

complex than previously thought.
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