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ABSTRACT

Background: Naturally occurring aflatoxins may contribute to poor
growth and nutritional statuses in children.

Objectives: We analyzed the relationship between contemporary and
lagged aflatoxin exposure and /) length-for-age z-score (LAZ); and
2) length, knee-heel length, stunting, weight-for-age z-score (WAZ),
and weight-for-length z-score (WLZ).

Methods: We conducted a longitudinal birth cohort study involving
1675 mother-infant dyads in rural Nepal. Participants were repeat-
edly visited from pregnancy to 2 years of age (2015-2019). One
blood sample was collected during pregnancy and 4 samples were
collected from the children at 3, 6, 12, and 18-22 months of age
to measure concentrations of aflatoxin B; (AFB,)-lysine adduct.
Multivariate linear fixed-effects and logistic models with generalized
estimating equations were used to identify associations between child
growth and aflatoxin exposure.

Results: AFB,-lysine adducts were detected in the majority of
children (at 3 months, 80.5%; at 6 months, 75.3%; at 12 months,
81.1%; and at 18-22 months, 85.1%) and in 94.3% of pregnant
women. Changes in contemporary In child AFB,-lysine adduct
concentrations were significantly associated with changes in LAZ (8,
—0.05; 95% CI, —0.09 to —0.02; P = 0.003), length (8, —0.19; 95%
CI, —0.29to —0.10; P < 0.001), knee-heel length (8, —0.09; 95% CI,
—0.13 to —0.05; P < 0.001), and WAZ (8, —0.04; 95% CI, —0.07 to
—0.005; P =0.022). Serum aflatoxin concentrations were associated
with stunting (OR, 1.18; 95% CI, 1.05-1.32; P = 0.005). Similar
results were found in the models using changes in contemporary
In AFB; adjusted for changes in child weight, with significant
associations with changes in WLZ (8, —0.07; 95% CI, —0.10 to
—0.03; P < 0.001). Changes in time-lagged In AFB; (unadjusted and
adjusted for changes in child weight) were associated with changes
in length and knee-heel length.

Conclusions: Our results add to the growing body of evidence
confirming chronic aflatoxin exposure and suggest that exposure
is significantly correlated with various negative growth outcomes,
which may vary by child weight status. This trial was regis-
tered at clinicaltrials.gov as NCT03312049.  Am J Clin Nutr
2021;113:874-883.
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Introduction

Dietary aflatoxins are known for their immunosuppressive,
hepatoxic, and growth-limiting effects on animals, and have
recently garnered attention as possible contributors to poor in-
utero and postnatal child growth (1-4). The 2 most common
aflatoxin-producing fungi, Aspergillus flavus and Aspergillus
parasiticus, are widely prevalent in dietary staples such as
maize and groundnuts. These fungal metabolites are of particular
concern in the tropics and subtropics. Contamination with
Aspergillus fungi can occur in the field when crops are under
stress (e.g., drought, high temperatures) and can also occur
postharvest under poor storage conditions (high heat and/or
humidity, unclean containers).

Widespread exposure to aflatoxin during pregnancy and
early childhood in low-resource settings has been documented
(3, 5-10). A relationship between aflatoxin exposure and growth
failure has long been seen in animal studies, but it is difficult
to study in humans due to its documented toxicity and chronic
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carcinogenicity. Recent observational evidence suggests that
chronic aflatoxin exposure may contribute to growth faltering
and/or stunting (a manifestation of poor growth), which are
commonly observed in low- and middle-income countries. Prior
observational studies have shown a link between aflatoxin
exposure during fetal development or early life (5, 8, 9) and
postnatal impaired growth (1, 3, 4). More recently, results from
a randomized controlled trial suggest aflatoxins may negatively
affect linear growth at younger ages (2).

Nepal has a high stunting rate, with a prevalence of 36%
(11), and widespread aflatoxin exposure. Studies in Nepal have
found aflatoxins in food (12, 13), as well as in human serum
samples (14-16). Recognizing the need for region-specific data
on aflatoxin exposure and links to impaired child growth, we
designed a prospective birth-cohort study to examine the asso-
ciation between aflatoxin B; exposure and growth impairment
in young children in Banke, Nepal. This large cohort study was
designed to test the central hypothesis that higher exposures
to aflatoxin, measured via concentrations of serum aflatoxin
(AFB)-lysine adducts, result in reduced linear growth in children
under 2 years of age. The primary objective was to analyze the
statistical association between aflatoxin exposure and children’s
length-for-age z-scores (LAZs). Secondary outcomes included
associations with children’s lengths, knee-heel lengths, weight-
for-age z-scores (WAZs), weight-for-length z-scores (WLZs),
and stunting.

Methods

Subjects, study design, and setting

The AflaCohort Study was an observational, longitudinal,
birth-cohort study examining the relationship between aflatoxin
exposure and impaired linear growth in early childhood. The
study recruited and repeatedly visited 1675 mother-infant dyads
from pregnancy through 2 years of age (2015-2019). A rolling
recruitment strategy was used to enroll healthy, pregnant women
from 17 Village Development Committees in the Banke district
(province number 5) of southwestern Nepal. Women between
the ages of 16—49 years with a singleton pregnancy, <30 weeks
gestation, who intended to deliver and stay in the study area were
invited to enroll in the study.

The rationale guiding the sampling has been previously
described (17). In brief, the sample size was calculated assuming
the following parameters: an alpha of 0.05, a power of 80%,
attrition of 20%, an intracluster correlation coefficient of 0.03,
and a design effect of 1.5. This allowed for the possible detection
of a —0.207 SD difference in postnatal LAZ for every 1-unit
increase in log mean maternal AFB,-lysine adduct.

Data collection

Pregnant women were interviewed immediately after enroll-
ment. Enrollment and prenatal data collection started in July 2015
and was complete by July 2016. Nationwide strikes interrupted
recruitment and data collection for 3 months, from August to
November 2015. Data collection resumed at the beginning of
December 2015. Enumerators attempted to visit mothers and
newborns within 72 hours of birth. All children were reassessed
with follow-up visits at 3, 6, 9, 12, 18-22, and 24-26 months

after birth (Figure 1). Data collection was completed in March
of 2019.

The follow-up child visits were scheduled with a £2-week
window from the target age (e.g., = 2 weeks from the child’s
first birthday). The tight window of data collection was met
for most children in the follow-ups from 3 months through
12 months of age. The original study (Phase I) followed the
woman-child dyads from pregnancy through 12 months of age.
With additional funding, we were able to add 2 follow-up
time points for data collection during the child’s second year
of life (Phase II), at 18 and 24 months. Exogenous factors
caused delays in recommencing data collection, which resulted
in a modified design with follow-ups between 18-22 and 24—
26 months instead.

All data were collected electronically from participants using
Android handheld tablets. With the exception of the 18—22-month
visits, which took place at selected community sites (e.g., health
centers, local halls, Female Community Health Volunteers’
homes), enumerators (and nurses) visited participants in their
homes. During these visits, enumerators administered in-depth,
structured surveys to collect data on maternal characteristics
(e.g., education, diet, acute morbidity), child characteristics (e.g.,
diet, morbidity) and household demographics (e.g., number of
household members, asset ownership).

Weight and length were collected at birth and additional
measurements, such as head circumference, midupper arm
circumference (MUAC), and knee-heel length, were collected
starting at the 3-month visit. Digital weight scales (Seca 874,
Seca North America, Chino, CA) , with 50 gram precision, were
used to collect maternal and child weights and height and length,
respectively, during the survey visits. The “mother-and-baby”
2-in-1 weighing function was used to measure child
weight. Length and knee-heel length were collected using
Infant/Child/Adult ShorrBoards and Shorr calipers (also
called knemometers) (Shorr Productions LLC, Olney, MD),
respectively. MUAC was measured with a standard insertion
tape. Triplicate anthropometric measurements were averaged to
provide a single measurement, and measurements were recorded
to the nearest 0.1 kilogram and 0.1 centimeter. Supervisors and
enumerators regularly calibrated scales, height-length boards,
and knemometers with standard weights (2 and 5 kg) and
length rods (130 cm and 170 cm). Calibrations were done after
every S0 mother/child pairwas measured. Lost or damaged
MUAC tapes were replaced. The field research team, including
enumerators, supervisors, and nurses, met on a weekly basis to
report on progress, resolve questions, and plan follow-ups for
the week.

Study nurses visited participants in their homes within
7 days of the survey and anthropometric data collection to
draw blood samples. One blood sample was collected from each
woman during pregnancy and 4 samples were collected from the
child at 3, 6, 12, and 18-22 months of age. Nurses first measured
hemoglobin concentrations using portable HemoCue Hb 301
Systems (HemoCue America, Brea, CA)to ensure participants
were not severely anemic (hemoglobin < 7 g/dL). Participants
who were severely anemic [or severely malnourished, defined
as children with a WLZ <—3 any time between 3-26 months,
MUAC < 11.5 cm (6 months +), or bilateral pitting edema]
were excluded from the blood draw for health reasons and were
referred to the nearest health facility.
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FIGURE 1 Participant flowchart. During pregnancy, 1 survey was missing due to a missing upload; 3 VBDs were missing due to participants ending
participation, 3 due to refusals, 3 due to severe anemia, and 2 for unknown reasons. At 3 months, 50 surveys were missing due to participants being out of the
study area, 4 due to missing uploads, and 1 due to the child being gifted to another family; 5 VBDs were missing due to a child illness, 52 due to refusals, 6
due to severe anemia, 2 due to missing uploads, 2 due to insufficient blood volume, 39 due to participants being out of the study area, 12 due to SAM, 20 due
to unsuccessful attempts, and 19 due to participants being unable to reschedule their visit. At 6 months, 39 surveys were missing due to participants being out
of the study area, 1 due to a child illness, 1 due to a refusal, and 35 due to missing uploads; 12 VBDs were missing due to a child illness, 84 due to refusals,
2 due to severe anemia, 2 due to an insufficient blood volume, 39 due to participants being out of the study area, 32 due to SAM, 15 due to an unsuccessful
attempt, and 16 due to participants being unable to reschedule their visit. At 12 months, 33 surveys were missing due to participants being out of the study area,
1 due to a refusal, and 1 due to an unexpected event; 11 VBDs were missing due to a child illness, 1 due to an unsuccessful attempt, 60 due to refusals, 2 due
to severe anemia, 1 due to insufficient blood volume, 33 due to participants being out of the study area, 32 due to SAM, 1 due to an unexpected event, 2 due to
participants being unavailable, and 1 for an unknown reason. At 18-22 months, 58 surveys were missing due to participants being out of the study area, 6 due
to child illness, 36 due to refusals, 1 due to a missing upload, and 80 due to participants being unable to reschedule their visit; 13 VBDs were missing due to
a child illness, 4 due to an unsuccessful attempt, 57 due to refusals, 3 due to severe anemia, 58 due to participants being out of the study area, 3 due to SAM,
and 80 due to participants being unable to reschedule their visit. At 24-26 months, 11 anthropometry measurements were missing due to participants being
out of the study area, 1 due to a refusal, and 140 due to participants being unable to reschedule their visit; 5 Ages and Stages Questionnaire measurements
were missing due to participants being out of the study area and 226 due to participants being unable to reschedule their visit. Abbreviations: LTFU, loss to
follow-up; SAM, severe acute malnutrition; VBD, venous blood draw.
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If participants met the blood draw inclusion criteria, nurses
then proceeded to collect 3-5 mL of venous blood from the
antecubital vein for mothers or 1-3 mL from the dorsal hand
vein for children for AFB,-lysine adduct testing. Nurses also
collected 25-50 mL of breast milk from lactating mothers when
their children were 3 months of age for aflatoxin M; (AFM,)
testing. The breast milk samples were collected using manual
breast milk pumps or through manual expression into a 50 mL
sterile Falcon tube.

Blood and breast milk samples were immediately stored on
wet ice in cool boxes and transported to a laboratory in Kohalpur,
Banke, within 5 hours of collection. At the lab, blood was left
to clot for 30 minutes at room temperature and then centrifuged
at <5000 revolutions per minute for 10 minutes. A minimum of
400 pL of serum was frozen in a —20°C (or lower) freezer. Within
a month of collection, samples were air-shipped to a —80°C
(or lower) freezer at the Patan Academy for Health Sciences in
Nepal’s capital, Kathmandu.

Laboratory analyses

Serum samples were air-shipped on dry ice to the University
of Georgia in the United States for serum AFB;-lysine adduct
analysis within 6 months of collection. Serum aflatoxin B;-lysine
adduct concentrations were measured using a validated method of
HPLC with fluorescence detection. This included measurements
of albumin and total protein concentrations for each sample,
digestion with protease to release amino acids, concentration and
purification of the AFB-lysine adduct, and finally separation and
quantification by HPLC (18).

In short, thawed serum samples were inactivated for possible
infectious agents via heating at 56°C for 30 minutes. Albumin
and total protein concentrations were measured using modified
procedures, as previously described (18). Approximately 150 uL
was digested by pronase (pronase:total protein, 1:4, w:w) at 37°C
for 3 hours to release AFB;-lysine. AFB;-lysine in digests were
further extracted and purified by passing through a Waters mixed-
mode anion exchange sorbent solid phase extraction cartridge,
which was preprimed with methanol and equilibrated with water.
The loaded cartridge was sequentially washed with 2 mL water,
1 mL 70% methanol, and 1 mL 1% ammonium hydroxide in
methanol at a flow rate of 1 mL/min. Purified AFB;-lysine
was eluted with 1 mL 2% formic acid in methanol. The eluent
was vacuum dried with a Labconco Centrivap concentrator and
reconstituted for HPLC-fluorescence detection.

An Agilent 1200 HPLC-fluorescence system was used for the
analysis of AFB;-lysine adduct. The mobile phases consisted
of buffer A (20 mM NH4H,POy, pH 7.2) and buffer B (100%
methanol). The Zorbax Eclipse XDB-C18 reverse phase column
(5 microns, 4.6 x 250 mm), equipped with a guard column, was
used (Agilent). The column temperature was maintained at 25°C
during analysis, and a volume of 100 L was injected at a flow
rate of 1 mL/min.

A gradient was generated to separate the AFB-lysine adduct
within 25 minutes of injection. Adduct was detected by
fluorescence at maximum excitation and emission wavelengths
of 405 and 470 nm, respectively. Calibration curves of an
authentic standard were generated weekly, and the standard
AFB-lysine was eluted at approximately 13.0 minutes. The limit
of detection was 0.4 pg/mg albumin, with a mean recovery rate

of 90%. The AFB;-lysine concentration was adjusted by albumin
concentration.

Quality control and assurance procedures were maintained
during analyses. These included simultaneous analyses of
1 authentic standard in every 10 samples and 2 quality control
samples daily. Following completion of the laboratory analysis,
sets of 3 samples were selected and pooled into 11 intraday
reproducibility samples and 11 interday reproducibility samples.
The former were analyzed twice on the same day by the
same analyst, and the latter were analyzed on different days
by different analysts to demonstrate laboratory precision and
sampling reproducibility. Aflatoxin M; concentrations in breast
milk samples (from when the children were 3 months of age)
were also measured using a validated method of HPLC with
fluorescence detection.

Statistical analyses

The 2 primary exposures for this analysis were log-
transformed aflatoxin exposure, measured as pg of aflatoxin
B1-lysine adduct per mg albumin, and log-transformed aflatoxin
B;-lysine adduct adjusted for body weight, measured as pg of
aflatoxin B1-lysine adduct per mg of albumin over kg body
weight. A constant value of half the limit of detection (LOD)
of 0.2 pg/mg albumin was used for values under the LOD of
0.4 pg/mg albumin (19). Appropriate robustness checks were
incorporated to ensure that adjusting for difference in the LOD
indicator did not modify the regression estimates.

The primary outcome was child LAZ. Secondary outcomes
were length, stunting, WAZ, WLZ, and knee-heel length, a useful
measure for short-term linear growth (20-22). WHO standards
were used to calculate z-scores (23). Stunting was defined as
an LAZ <—2 standard deviations below the WHO reference
LAZ median standardized z-scores. In accordance with WHO
recommendations, z-score outliers (<—6 or >5 for WAZ, <—5
or >5 for WLZ, and <—6 or >6 for LAZ) were excluded prior
to analysis.

All analyses were conducted with Stata statistical software
(version 15; StataCorp LLC). A P value < 0.05 was considered
statistically significant. Chi-squared and Student’s 7 tests were
used to test for differences in proportions and continuous
variables, and ANOVA tests were used for categorical variables.
The relationship between length and knee-heel length was
examined using a Pearson correlation analysis. Multivariate,
linear, child-level fixed-effects models, with cluster-robust SEs,
were used to identify associations between changes in AFB;-
lysine adduct concentrations and changes in continuous growth
outcomes (i.e., attained length, LAZ, knee-heel length, WAZ,
or WLZ). Multivariate logistic regression models with gen-
eralized estimating equations (GEEs) were used to identify
associations between AFB;-lysine adduct concentrations and
stunting.

The SEs in all fixed-effects models were adjusted for the lack
of independence between observations in the same child using re-
gressions with robust SEs (using the cluster option in Stata). In the
GEE models, robust SEs were adjusted for misspecification in the
assumed covariance structure. The longitudinal nature of the data
and the use of child-level fixed-effects regressions provides con-
fidence that we have minimized any potential omitted-variable
bias. This method allowed us to measure changes in linear growth
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for the child over time while holding unobserved time-invariant
and mean observed child-specific characteristics constant.

Accumulating evidence indicates that environmental factors
can affect children’s health quite differently from adults’ health.
Young children may experience worse adverse effects of aflatoxin
exposure because of their larger intake per body weight ratio
and their lower capacity to detoxify (24, 25). Therefore, in
addition to exploring the relationship between AFB;-lysine
adduct concentrations and growth outcomes, we conducted an
exploratory analysis examining the relationship between changes
in AFB-lysine adduct concentrations, adjusted for deviations in
the child’s weight from their average weight, and changes in the
aforementioned growth outcomes.

The AFB-lysine adduct is considered a useful biomarker that
reflects long-term exposure to aflatoxins. While serum adduct
measurements reflect prolonged exposure over periods of 3—-6
months (26, 27), there is no a priori published evidence on time-
varying relationships between aflatoxin exposure and adverse
growth outcomes. Therefore, both contemporary and time-lagged
fixed-effects models were used to test the relationship between
the change in growth and the change in aflatoxin exposure.
Contemporary aflatoxin models included aflatoxin exposure
during the most recent months, while time-lagged models were
used to predict changes in growth based on the change in time-
lagged (past period) values of the aflatoxin Bl-lysine adduct
concentration. Time-lagged models adjusted for the difference in
the time-lagged value and the child-level time-lagged mean.

Covariates included in the models were: child age (in months),
season of measurement (autumn, early winter, winter, spring,
summer, and rainy/monsoon), and a dichotomous indicator of
having detectable aflatoxin adduct concentrations in blood. This
dichotomous variable indicating whether or not the child had
detectable aflatoxin adduct concentrations in blood was included
as a robustness check for including children with undetectable
values in the models.

Autumn in this region is typically characterized by wet, cool
weather, while the early winter and winter are cooler and drier.
The spring and summer are warm and dry. The summer months
are the hottest, while the rainy/monsoon months are the most
humid. A previous analysis of historical annual rainfall data
collected from the Department of Hydrology and Meteorology
in Nepal showed no significant differences in monthly means
between the survey period and prior years (January 1999-—
December 2014) (16).

Models examining aflatoxin exposure adjusted for changes in
child weight as the predictor included an additional weight-for-
length control variable, except for the model examining WLZ as
the outcome. As part of an additional robustness check, we fitted
an additional version of the models specified above, with 2 added
variables: 1) severity of household food insecurity, as measured
by the Household Food Insecurity Access Scale (28); and 2) child
dietary diversity, measured using the WHO minimum dietary
diversity score for children 6-23 months old (29). Inclusion of
these variables did not change the results, and they were thus
excluded from the final reported models.

Ethical oversight

Written informed consent was obtained in accordance with
the Nepal Health Research Council Ethical Review Board

TABLE 1 Descriptive characteristics of the household, mother and child

n Mean =+ SD or %
Household characteristics
Household size 1664 5.8+3.0
HFIAS at prenatal visit
Food secure 1165 70.4
Mildly food insecure 282 17.0
Moderately food insecure 170 10.3
Severely food insecure 39 24
Maternal characteristics
Gestational age at recruitment,! weeks 1664 194 +6.2
Education level
None 615 37.0
Some primary, 1-5 322 19.4
Some secondary, 610 583 35.0
More than secondary, >10 144 8.7
Child characteristics
Sex,? female 1568 50.6
Low birth weight,® <2500 grams 1484 20.8
Age, in months
Birth, all 1595 0.05 4+ 0.04
Birth, <72 hours after birth 1490 0.04 £0.03
3 mo 1469 2.98 +0.18
6 mo 1428 5.96 +0.19
9 mo 1448 8.92 £0.21
12 mo 1440 12.02 £ 0.20
18-22 mo 736 21.28 +1.03
24-26 mo 1184 25.58 £ 0.87
Child anemia, Hb < 11 g/dL.
Birth — —
3 mo 1435 65.1
6 mo 1379 59.9
9 mo 1387 68.6
12 mo 1370 69.1
18-22 mo 712 68.3
24-26 mo — —

Abbreviations: Hb, hemoglobin; HFIAS, Household Food Insecurity
Access Scale.

"Based on last menstrual period.

2Live births only.

3Infants measured <72 hours after birth.

(295/2014) and the Tufts University Health Sciences Institu-
tional Review Board (11535) prior to enrollment and data
collection.

Results

Demographic data for the households, pregnant women, and
children are presented in Table 1. Most children came from
households composed of a mean of 6 individuals, and most came
from homes that were not experiencing food insecurity. The
majority of the women enrolled were at a mean of 19.4 weeks
(SD, 6.2 weeks) weeks of gestation. Around 37% of mothers had
not completed primary education, and 20% had some primary
education. Approximately 20% of the children were classified as
having a low birth weight (<2500 grams). The majority of the
birth visits occurred within 72 hours of delivery and within a
+2-week window from the target age.

Child anthropometric data are presented in Table 2. At birth,
children enrolled in the AflaCohort Study were 1.3 cm shorter
than the median expected length for their age and sex (23); this



TABLE 2 Child anthropometry

Stunting!

Weight-for-length z-score

Weight, kg Knee-heel length, cm Length-for-age z-score Weight-for-age z-score

Length, cm

%

n
1483
1464
1427
1447
1437

733
1182

Mean + SD

—0.78 + 1.02
—-0.30 + 1.17
—-0.36 + 1.17
—-0.76 + 1.14
—0.98 + 1.07
—1.03 + 0.94
—0.99 4+ 0.94

n
1389
1462
1409
1404
1386

Mean =+ SD

—1.01 £ 1.05
—0.87 + 1.16
—0.90 + 1.18
—122 + 1.15
— 144 £ 1.11
—1.63 £ 1.02
—1.65 £+ 1.03

n
1484
1464
1410

Mean =+ SD

—0.82 £+ 1.12
—0.77 £ 1.16
—0.92 £ 1.10
—1.12 £ 1.08
— 143 £ 1.04
—1.76 £ 1.11
—1.75 £ 1.08

n
1483
1463
1425
1442
1422

n Mean =+ SD

Mean + SD
2.83 £ 0.46
5.52 + 0.83
6.89 £+ 1.00
747 £ 1.04
7.94 £+ 1.06
9.34 £ 1.20
10.06 + 1.28

n
1484
1469
1428
1448
1440

736
1184

Mean =+ SD
48.19 + 2.15
58.97 + 2.51
64.55 + 2.57
68.29 + 2.67
7133 + 2.72
79.30 + 3.53
82.05 4+ 3.72

14.6

1483
1464
1427
1447
1437

Birth
3 mo
6 mo
9 mo

13.1

15.48 + 0.94
17.20 £ 0.93
18.33 £ 0.93
19.24 + 0.96
21.90 + 1.26
23.08 + 1.33

1469
1428
1448
1440

736
1184

15.1

19.6

1403
1386

27.3

12 mo

42.1

733
1176

732
1177

732
1162

733
1182

18-22 mo
24-26 mo
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41.2

I'Stunting was defined as having a length-for-age z-score more than two standard deviations below the WHO Child Growth Standards median.

deficit increased to 3.7 cm and 4.9 cm at 12 months and 24—
26 months of age, respectively. Furthermore, at birth, children
were 0.3 kg lighter than the median expected length for their age
and sex. This weight deficit increased to 1.4 kg and 1.7 kg at
12 months and 24-26 months of age, respectively. The proportion
of children defined as stunted increased between birth and
24-26 months of age (from 14.6% at birth to 27.3% at 12 months
and 41.2% at 24-26 months). The mean age at the last visit (24—
26 months) was 25.6 months; therefore, deficits in attained length
and weight may be slightly underestimated when compared to 24-
month-old children.

Table 3 shows AFB; and AFM, concentrations across the
different study visits. AFB;-lysine adduct concentrations were
detected in the majority of serum samples from pregnant
women (94.3%; range, 0.4—147.32 pg/mg albumin) and children
[3 months, 80.5% (range, 0.4—24.72pg/mg albumin); 6 months,
75.3% (range, 0.4-41.60 pg/mg albumin); 12 months, 81.1%
(range, 0.4-84.65 pg/mg albumin); and 18-22 months, 85.1%
(range, 0.4-128.07 pg/mg albumin)]. Mean AFB;-lysine adduct
concentrations were highest in the pregnant women (geometric
mean 1.54 pg/mg; 95% CI, 1.46-1.62 pg/mg albumin) and
lowest in children at 3 months of age (0.83 pg/mg; 95%
CI, 0.80-0.86 pg/mg albumin). Child AFB;-lysine adduct
concentrations increased with age. AFM; was detected in
the majority of breast milk samples (94.1%; range, 0.04—
315.99 ng/L).

Table 4 shows results for the multivariate logistic regression
models with GEE. It also shows results for linear fixed-effects
models in which changes in growth outcomes are regressed
on changes in contemporary and time-lagged child aflatoxin
concentrations (each of which were also adjusted for changes in
child weight).

Contemporary aflatoxin exposure and attained growth
measurements

In adjusted fixed-effect regression models, changes in contem-
porary log-transformed child AFB-lysine adduct concentrations
were associated with changes in length (8, —0.19; 95% CI,
—0.29 to —0.10; P < 0.001), LAZ (B8, —0.05; 95% CI, —0.09 to
—0.02; P = 0.003), knee-heel length (8, —0.09; 95% CI, —0.13
to —0.05; P < 0.001), and WAZ (8, —0.04; 95% CI, —0.07 to
—0.005; P =0.022). Contemporary log-transformed child AFB -
lysine adduct concentrations were also associated with the odds
of stunting (OR, 1.18; 95% CI, 1.05-1.32; P = 0.005). Changes
in aflatoxin concentrations were not associated with changes
in WLZ.

Similarly, adjusted fixed-effect regression models with
changes in log-transformed child AFB;-lysine adduct
concentrations, adjusted for changes in child weight, were
significantly associated with changes in length (8, —0.26; 95%
CI, —0.33to —0.18; P < 0.001), LAZ (8, —0.08; 95% CI, —0.11
to —0.05; P < 0.001), knee-heel length (8, —0.08; 95% ClI,
—0.11 to —0.04; P < 0.001), WAZ (8, —0.06; 95% CI, —0.08
to —0.04; P < 0.001), and WLZ (8, —0.07; 95% CI, —0.10 to
—0.03; P < 0.001). Log-transformed child AFB;-lysine adduct
concentrations, adjusted for changes in child weight, were
significantly associated with the odds of stunting (OR, 1.22; 95%
CI, 1.12-1.32; P < 0.001).
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TABLE 3 Concentrations of aflatoxin B -lysine adduct in serum and aflatoxin M; in breast milk

% Min > Mean Median Geometric mean
n detectable LOD Maximum (SD) (IQR) (95% CI)
Serum aflatoxin By,! pg/mg albumin
Pregnancy 1652 94.3 0.4 147.32 3.38 (8.48) 1.20 (0.74-2.45) 1.54 (1.46-1.62)
3 mo 1363 80.5 0.4 24.72 1.01 (1.06) 0.72 (0.54-1.15) 0.83 (0.80-0.86)
6 mo 1297 75.3 0.4 41.6 1.18 (2.09) 0.75 (0.53-1.16) 0.86 (0.83-0.90)
12 mo 1329 81.1 0.4 84.65 2.02 (4.57) 0.87 (0.52-1.66) 1.08 (1.02-1.14)
18-22 mo 699 85.1 0.4 128.07 2.41(7.88) 1.11 (0.64-1.98) 1.27 (1.18-1.36)
Breast milk aflatoxin M;,? ng/L
3 mo 1355 94.1 0.04 315.99 4.74 (19.30) 0.96 (0.24-3.10) 0.99 (0.90-1.08)

Abbreviation: LOD, limit of detection.
'LOD < 0.4 pg/mg albumin.

2LOD < 0.04 ng/L. Measurements of central tendency include detectable samples only.

Time-lagged aflatoxin exposure and attained growth
measurements

In adjusted fixed-effect regression models, changes in lagged
log-transformed serum AFB;-lysine adduct concentrations were
significantly associated with changes in length (8, —0.15; 95%
CI, —0.27 to —0.02; P = 0.024) and knee-heel length (8, —0.07;
95% CI, —0.13 to —0.01; P = 0.015).

Similarly, changes in lagged log-transformed serum AFB;-
lysine adduct concentrations, adjusted for changes in child
weight, were significantly associated with changes in length (8,
—0.14;95% CI, —0.24 to —0.03; P = 0.011) and knee-heel length
(B, —0.07; 95% CI, —0.12 to —0.02; P = 0.003). Lagged log-
transformed serum AFB;-lysine adduct concentrations, adjusted
for child weight, were significantly associated with odds of
stunting (OR, 1.26; 95% CI, 1.11-1.40; P < 0.001). No
significant associations were observed between changes in time-
lagged aflatoxin concentrations (both unadjusted and adjusted
for changes in child weight) and changes in LAZ, WAZ, or
WLZ.

Discussion

In this 4-year prospective cohort study, we examined the
relationship between AFB; exposure and child growth. We
observed widespread, low-dose aflatoxin concentrations in a
sample of pregnant women and in their young children. A
higher aflatoxin concentration was significantly associated with
impaired child linear and long-bone growth and with an increased
likelihood of stunting.

The high prevalence of exposure is consistent with data
from previous studies in this region (14, 30, 31). Consistent
with previous literature, aflatoxin B; concentrations gradually
increased as children got older, presumably as their diets began to
more closely resemble adult diets (31, 32). Although we assessed
aflatoxin M; in the breast milk, we did not find a relationship
between those levels and infant blood serum aflatoxin B; levels.

Findings from the contemporary models strengthen the avail-
able evidence linking serum AFB;-lysine adduct concentrations
with growth-faltering rates among children (1,3). The observed
levels of aflatoxin exposure translated into a length deficit among
children of 1.6 cm. There are several possible explanations for
the general lack of associations in time-lagged models. One is
that the lag between exposure and the effect is temporally too

distant, making it difficult to differentiate the effect of aflatoxin
from other factors that could affect growth. Other reasons
may include the biomarker used (its half-life and differing
fractions of aflatoxin metabolites), the outcome variables of
longitudinal growth (given the potential saltatory nature of linear
growth among infants) (33, 34), and the relatively low absolute
concentrations of aflatoxin in the serum samples.

Regarding the potential saltatory nature of linear growth in
early life (35), children typically experience varying rates of
linear growth over time, with faster growth during the first
months of infancy and with deceleration later (36). Lampl and
colleagues (33, 35, 37) describe this saltatory process in terms
of amplitude pulsatile growth events (or saltations), followed by
intervals of stasis with no growth (33, 35). Lampl et al. (37)
note that this pattern may reflect population-based differences in
growth pulse patterns, and that it is likely to have wide variability
in the timing or amount of discrete growth linked to genetics,
metabolic availability, or age-related developmental changes in
growth dynamics.

There are challenges associated with measuring recumbent
length (e.g., appropriate stretching before measurement, time
needed). Therefore, a main and novel component of this study
was to longitudinally measure knee-heel length as an additional
measure of short-term long-bone growth. We showed that
the knee-heel length measurement is strongly and negatively
correlated with aflatoxin exposure and positively correlated with
length. The latter finding is in line with previous literature
showing segmental body measures are well correlated with
stature in children when height measurements are difficult to
attain (e.g., severe contractures) (38), and are also correlated
with stature in adults (39, 40). Measuring knee-heel length is a
promising yet underutilized technique. In combination with child
height, it may provide a more complete assessment of short-term
growth (20-22).

Evidence indicates the degree of toxicity can be higher in
children than in adults, because children have a larger intake
proportional to body weight and a lower capacity to detoxify
(24, 25). The effects of aflatoxins are known to vary across
animals and within species (41). In our study, we found evidence
that aflatoxin toxicity and its effects on child growth have
an association with child weight. The small difference in the
magnitude of this association leads to important questions. A
recent randomized trial with humans in Kenya detected an age-
dependent relationship of aflatoxin on linear growth (2). These
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variations represent an important avenue for further research on
causal pathways.

As with any complex study design, our analysis was subject to
several limitations. Our design was observational, meaning that
aflatoxin exposure might have been associated with confounding
factors. To address this, we conducted sensitivity analyses
including participants with undetectable aflatoxin values, and
controlled for known confounders. Moreover, because of the long
duration of the study, loss to follow-up was inevitable. Efforts
to minimize attrition included sharing results of the study and
having the same study personnel visit each household over time.
In the end, data were collected from 86% and 70% of children
at the 12- and 24-26-month visits, respectively. Once funding
for the second phase of the study was awarded, some of the
children had aged out of the 18-22- and/or the 24-26-month
visits, resulting in smaller sample sizes than the Phase I follow-up
visits. Lastly, a limitation of fixed-effects regression modeling is
the inability to control for unmeasured time-varying confounding
or potential reverse causation.

Nevertheless, this study has several notable strengths. It is
1 of the only studies to assess the aflatoxin-growth association
longitudinally (2) and 1 of the few community-based studies in
Asia examining how exposure to this food-borne hazard affects
growth. The longitudinal design offered a rare opportunity to
observe a large group of pregnant women and children, with 4
repeat measurements of aflatoxin B;-lysine adduct concentra-
tions for the study children. It also allowed for adjustments for
seasonal variation in aflatoxin exposure. This is also the first
study to collect blood samples at 3 months of age, when most
infants are still exclusively breastfed, and at multiple follow-ups
as the children’s diets gradually begin to resemble adult diets.
Moreover, the serum AFB|-lysine adduct measure is considered
the most reliable biomarker of aflatoxin exposure, and the team
analyzing the samples was blinded to both the study outcomes
and data analysis. Lastly, in addition to the traditional methods
to evaluate child growth, this study collected knee-heel length
measurements, a novel measurement of long-bone growth.

In conclusion, these findings fill a gap in the available
longitudinal evidence on links between concentrations of AFB;
exposure and impaired child growth. Given aflatoxin’s toxicity
and carcinogenicity, our results highlight the urgent need to
better understand and implement strategies to reduce aflatoxin
exposure. Interventions to reduce dietary exposure to aflatoxin
may have positive effects on child growth in low- and middle-
income countries.

Moving forward, there is a need for larger, more robust
studies that examine the mediating biological pathways by
which aflatoxin exposure may affect linear growth. Future
studies should explore potential weight-varying effects of the
relationship between aflatoxin and growth. This should be done
across populations with varying likelihoods of exposure. This
type of research will help determine the existence of a threshold
dose of aflatoxin that induces child growth impairment.
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