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Modification of the effects of prenatal manganese exposure on
child neurodevelopment by maternal anemia and iron
deficiency
Allison Kupsco 1, Guadalupe Estrada-Gutierrez2, Alejandra Cantoral3, Lourdes Schnaas2, Ivan Pantic2, Chitra Amarasiriwardena4,
Katherine Svensson4, David C. Bellinger5, Martha María Téllez-Rojo3, Andrea A. Baccarelli1 and Robert O. Wright4

BACKGROUND: We evaluated: (1) associations of prenatal manganese (Mn) levels with child neurodevelopment at 4–6 years; (2)
effect modification by maternal anemia and iron deficiency; and (3) sex-specific effects.
METHODS: We measured blood Mn, hemoglobin, and serum ferritin in mothers at the second trimester, third trimester, and at
birth, and in cord blood from a prospective birth cohort in Mexico City (n= 571). McCarthy Scales of Children’s Abilities were
measured at 4–6 years. Using linear regression, we estimated associations between prenatal Mn and neurodevelopment, examined
anemia and iron deficiency as effect modifiers, and analyzed associations by child sex.
RESULTS: No direct associations were observed between Mn, anemia, or iron deficiency and McCarthy Scales. Second trimester iron
deficiency and third trimester anemia modified the effect of Mn on child neurodevelopment. For instance, second trimester Mn was
positively associated child memory scores in mother’s with normal ferritin (1.85 (0.02, 3.45)), but negatively associated in mother’s
with low ferritin (−2.41 (−5.28, 0.47), interaction P value= 0.01), a pattern observed across scales. No effect modification at birth or
in cord blood was observed.
CONCLUSIONS: Anemia/iron deficiency during pregnancy may modify Mn impacts on child neurodevelopment, particularly
in boys.
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INTRODUCTION
Manganese (Mn) is an essential nutrient with a critical role in many
cellular processes, including as calcium homeostasis, inflammatory
response, and protein/energy metabolism.1 It is particularly
important as a cofactor in the enzyme superoxide dismutase
(SOD), which is crucial for protection against oxidative stress.1

Despite its contribution to brain development,2 high environ-
mental Mn exposures have been implicated in developmental
neurotoxicity, when Mn itself can induce oxidative stress. Mn is
actively transferred across the placenta3 and across the develop-
ing blood–brain barrier to accumulate the neonate brain.4 Several
studies have reported inverted U-shaped response curves for the
effects of Mn on child mental and psychomotor development
between 6 and 36 months of age, suggesting that both deficient
and excess Mn can be neurotoxic.5–7 Others have observed
inverse linear associations between prenatal Mn with child
behavior in grade school.8 However, Mn levels in teeth were
positively associated with memory, cognitive, and motor skills
from 7 to 10.5 years.8 Thus, more research is necessary to
determine the long-term effects of prenatal Mn on child cognition.
Mn also interacts with other metals to increase oxidative stress

and neurotoxicity, including physiological interactions with iron.
Mn accumulates during iron deficiency due to increased levels of
shared transporters,6 which may increase Mn toxicity in the brain.9

In addition, particularly in situations of low iron stores, Mn can
replace iron in the Fenton reaction to generate free radicals. This is
notable as iron deficiency is a global public health issue and a
major cause of anemia. The burden of iron deficiency is high in
low- and middle-income countries, and is associated with many
factors, including education, socioeconomic status (SES), infection,
diet, and obesity.10–12 It is especially prevalent among pregnant
women, since iron requirements triple during pregnancy.10

Prenatal iron deficiency anemia can decrease cognitive perfor-
mance, growth, and energy in infants and children.10 Prenatal Mn
was negatively associated with mental and psychomotor devel-
opment in girls born to anemic mothers,5 suggesting that these
two factors may interact to induce adverse neurodevelopmental
effects.
Although studies have adjusted for hemoglobin or ferritin status

as a covariate to isolate effects of prenatal Mn on child
neurodevelopment and cognition,13,14 to our knowledge only
one has examined the interactions between prenatal Mn and
anemic status on child neurodevelopment up to 24 months.5 We
hypothesized that prenatal anemia and/or iron deficiency would
synergistically increase the neurotoxic effects of prenatal Mn in
early childhood. Fetal development is a complex process that is
particularly sensitive in comparison to later life stages. Further-
more, maternal Mn, hemoglobin, and iron levels vary substantially
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throughout pregnancy and at birth.10,15 Thus, our objective was to
identify subpopulations of individuals that may have increased
susceptibility to Mn-induced neurotoxicity and to address the role
of critical exposure windows by examining the association of Mn
measured in maternal blood from the second trimester, third
trimester, and at birth, as well as Mn in cord blood, with child
cognition and verbal, motor, perceptual performance, quantita-
tive, and memory skills at 4 years of age using the McCarthy Scales
of Children’s Abilities. We examine the effect modification of this
relationship by maternal anemia and iron deficiency. Finally, we
examine the sex specificity of these interactions. By interrogating
effect modification of Mn by both serum ferritin and hemoglobin
at multiple times throughout pregnancy, and incorporating the
McCarthy Scales as a later neurodevelopmental indicator, we are
able to advance the field beyond previous research5 and provide
meaningful information on the complex interactions between
prenatal Mn and anemia on child neurodevelopment.

METHODS
Study population
The Programming Research in Obesity, Growth Environment and
Social Stress (PROGRESS) study is an ongoing, prospective, birth
cohort in Mexico City, Mexico. We enrolled women receiving
prenatal care from the Mexican Social Security Institute clinics
before 20 weeks gestation as previously described,16,17 and 948
mother–child pairs were followed after birth. Smoking in
pregnancy is uncommon in this population, but as it is associated
with anemia18 and poorer neurodevelopment,19 six women
reporting smoking during pregnancy were excluded. There were
no differences between characteristics of the participants in this
analysis with the whole study population. Procedures were
approved by institutional review boards at the Harvard School
of Public Health, Icahn School of Medicine at Mount Sinai, and the
Mexican National Institute of Public Health. Women provided
written informed consent.

Manganese measurement
Maternal blood was collected by trained research staff at the
second trimester visit (12–34 weeks; n= 894), third trimester visit
(26–38 weeks; n= 745), and at birth (maternal n= 732; cord n=
515) and stored at −20 °C. Mn was analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS/MS) as previously
described for Pb with the appropriate quality controls.20 In brief,
blood was digested in HNO3 and 30% H2O2 and analyzed via ICP-
MS/MS on an Agilent 8800 ICP Triple Quad (ICP-QQQ) instrument
(Agilent technologies Inc., Delaware, USA) with Indium as the
internal standard. The quantitation limit of detection (LOD) was
0.02–0.08 µg/dL with no values below the LOD.

Blood parameter measurement
Hemoglobin was measured as part of a standard complete blood
count (CBC) by trained research staff in blood from the second
trimester visit, third trimester visit, in mothers at birth, and in cord
blood. Serum was collected by centrifugation and ferritin was
measured using an ELISA (enzyme-linked immunosorbent assay)
chemiluminescence assay on an Immulite 100 (Siemens, Munich,
Germany). Third trimester ferritin was measured on 586 of the 702
mothers with extra blood available as it was an addition to the
standard CBC.

McCarthy’s Scales of children’s abilities
At the 4–6 years visit, the McCarthy’s Scales of Children’s Abilities
examination was administered by a trained psychologist in
Spanish21 at the Department of Developmental Neurobiology,
National Institute of Perinatology, in Mexico City. The McCarthy
Scales assess five key cognitive outcomes: memory, motor,
perceptual performance (hereafter called “perception”), quantitative,

and verbal skills. The perception, quantitative, and verbal scales
were summed to create a General Cognitive Index (GCI). Raw values
were standardized by child age. Subscales were scaled to a mean of
50 with a standard deviation of 10 and GCI was scaled to a mean of
100 with a standard deviation of 15.

Food Frequency Questionnaires for vitamin/supplement intake
Food Frequency Questionnaires (FFQs) validated for a Mexican
population22 were administered to all participants at the third
trimester and at birth for the previous 3 months (representing
second and third trimester) in Spanish by trained research staff as
previously described.23 Daily folate equivalents, iron intake,
vitamin B12, thiamine, supplemental Mn, calcium, and daily
β-carotene were estimated from FFQ supplement questionnaires
as previously described in mg/day.23,24

Statistics
Mn values were trimmed to ±6 standard deviations to remove two
extreme values from the third trimester. Hemoglobin levels are
positively correlated with geographic elevation due to atmo-
spheric oxygen tension. Thus, we corrected our values to
reflect the high elevation of Mexico City (2250 m above sea
level) by subtracting 1.3 g/dL from each measurement.25 We
determined anemia status according to the World Health
Organization guidelines for pregnancy for maternal measure-
ments: 11 g/dL hemoglobin.10 Low ferritin/iron deficiency was
considered <15 µg/L.10 Hemoglobin levels are highest at birth and
fall to more typical levels following conversion of fetal hemoglo-
bin to adult hemoglobin. There are currently no guidelines for
anemia or iron deficiency in cord blood, so cord hemoglobin and
iron were dichotomized at their respective medians for analysis.
We determined differences between participant characteristics at
each measurement time with mixed-effects models and calculated
intraclass-correlation coefficients (ICCs) for Mn, hemoglobin, and
ferritin values at all measurements and only in maternal
measurements. We then used χ2, Fisher’s exact, or t tests to
determine differences in participant characteristics stratified by
each effect modifier.
We collected covariate information from second trimester

baseline questionnaires. Covariates were selected for the model
if they had a significant association with one of the cognitive
outcomes or resulted in a change in the effect estimate of interest
by >10% in the mutually adjusted models. Covariates considered
for inclusion in the model were: maternal age, education, SES,
marital status, parity, child age, sex, environmental tobacco smoke
(estimate of secondhand smoke exposure as presence or absence
of smokers at home), and date of visit (Supplementary Table S1
(online)). SES was calculated based on the AMAI (Mexican
Association of Research and Public Opinion Agencies) rule 13 ×
626 and then collapsed into a three-level index of low, medium,
and high for this analysis. Although SES was associated with
outcomes in univariate models, when education was also
included, it did not alter the effect estimates of Mn. Thus, to
preserve degrees of freedom in subpopulations with small sample
sizes, SES was not included in our final adjusted models.
Covariates included in adjusted models were: maternal education
(<high school, high school, and >high school), maternal age, parity
(primiparous or multiparous), child age, and sex.
We first assessed all associations between exposures and

outcomes with generalized additive models to determine
nonlinearity, which indicated linear associations (data not shown).
Hence, we generated three linear regression models for the
association between blood Mn at each measurement and scores
on the McCarthy Scales: (1) models adjusted for hemoglobin or
ferritin as covariates (Full); (2) models stratified by effect modifier
status (low or normal hemoglobin/ferritin); and (3) models with an
interaction between Mn and hemoglobin or ferritin. All associa-
tions were assessed in unadjusted models and models adjusted
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for all covariates. Effect estimates of the associations between Mn
and child cognition can be interpreted as the change in McCarthy
Scale per 1 µg/dL increase in Mn blood levels when Mn is
measured in: all individuals, individuals with low ferritin/hemoglo-
bin, or individuals with normal ferritin/hemoglobin. Effect
estimates for the associations of effect modifier status on child
cognition can be interpreted as the change in McCarthy Scale
when the population changes from normal ferritin/hemoglobin to
low ferritin/hemoglobin.
We also tested a three-way interaction between Mn, hemoglo-

bin/ferritin, and child sex at each measurement time with child
GCI. We fit three types of linear models: (1) models adjusted for
hemoglobin or ferritin as a covariate and stratified by sex; (2)
models stratified both by hemoglobin/ferritin and by sex; and (3)
models containing a three-way interaction between Mn, hemo-
globin or ferritin, and sex.
Finally, the use of daily vitamins may confound the relationships

between Mn, anemia, and iron deficiency with neurodevelop-
ment.23 We performed a sensitivity analysis including supplement
use, stratifying all variables by their medians: daily folate
equivalents (<850mg/day, ≥850 mg/day), daily iron (<40mg/day,
≥40mg/day), vitamin B12 (None, >0), thiamine (None, >0); calcium
(None, >0), and β-carotene supplementation (0, >600mg/day) as
covariates in our primary adjusted models. Separate models were
specified for thiamine due to low numbers of participants taking
thiamine supplements. The α-level for statistical tests of signifi-
cance was set at 5%. We performed all statistical analyses in R
version 3.5.0.27

RESULTS
Population characteristics
Mothers in this study were primarily partnered (80.91%), multi-
parous (61.30%), and on average 27.57 years of age (Table 1). The
majority were of low SES (51.66%), with 40.63% having less than a
high school education. Children were split evenly between males
and females. At the time of examination, children were on average
4.8 years old.
Whole-blood Mn concentrations increased from the second

trimester to birth (Table 2). Serum ferritin levels decreased
between the second and third trimesters, but returned to
second trimester levels in mothers at birth. Maternal hemoglobin
remained relatively constant from the second trimester to birth
(Table 2). Mn, ferritin, and hemoglobin levels were greatest in cord
blood. Reproducibility for Mn, ferritin, and hemoglobin measure-
ments was null; however, when only maternal measurements
were included, reproducibility was moderate (Table 2).
In the second trimester, 21% of mothers were anemic and 17%

were iron deficient. In the third trimester, 23% of mothers were
anemic and 54.4% were iron deficient. Finally, at birth, 33% of
mothers were anemic and 21% were iron deficient. Among
women with both hemoglobin and serum ferritin measured at the
same time point, the majority of individuals had both high
hemoglobin and ferritin (40–67%) depending on the trimester of
measurement, while <20% had both values as low, and the
remaining had either one low and one high measurement
(28–42%) (Supplementary Table S2 (online)). Average Mn con-
centrations were higher in individuals with low ferritin at all
measurements (Supplementary Table S3 (online)). When stratified
by hemoglobin status, Mn concentrations were greater in the non-
anemic population at the second trimester and in cord blood. The
age of mothers with iron deficiency or with anemia in the third
trimester was greater than mothers with normal iron or
hemoglobin levels (~28 and 26 years, respectively). Mothers who
were anemic in the second trimester tended to have lower BMI
than non-anemic mothers (25.3 and 26.6 kg/m2, respectively),
while mothers who were anemic at birth tended to have greater
BMI than non-anemic mothers (26.03 and 27.07 kg/m2,

respectively). Finally, boys had higher hemoglobin than girls in
cord blood. No other covariates differed between low and normal
populations (data not shown).

Associations of prenatal anemia and iron deficiency with child
cognition
Neither low ferritin nor low hemoglobin was associated with child
cognition, except second trimester low ferritin was positively
associated with child motor scores in adjusted models (Fig. 1a).
Mn was not independently associated with any of the McCarthy
Scales in the full study population (un-stratified by hemoglobin or
ferritin status) at any measurement (circles in Figs. 2 and 3). No
differences were detected between adjusted and unadjusted
models (Supplementary Fig. S1 (online)).

Associations of prenatal Mn with child cognition when stratified
by serum ferritin
Second trimester Mn in mothers with normal ferritin was
positively associated with child memory scores and quantitative
scores (Fig. 2a). In contrast, in women with low ferritin, second
trimester Mn exposure trended toward a negative association with
GCI, memory, motor, quantitative, and verbal scores in children.
Hence, ferritin status significantly modified the effect of second
trimester maternal blood Mn on child memory scores (βnormal Fe=
1.85 (95% confidence interval (CI): 2.02, 3.45); βlow=−2.41 (−5.28,
0.47); adjusted interaction P (int. P)= 0.01) (Fig. 2a) and
quantitative scores (βnormal Fe= 1.91 (0.12, 3.69); βlow=−2.13
(−5.51, 1.25); int. P= 0.05) (Fig. 2a). A similar trend of negative
associations between Mn levels and cognition in low ferritin
subgroups, and positive associations between Mn and cognitive
outcomes in normal ferritin subgroups were present for children’s
GCI, motor, and verbal scores (Fig. 2). When the sample was
stratified by maternal ferritin status, no associations were
observed between child cognition and blood Mn measured in
the third trimester, in mothers at birth, or in cord blood (Fig. 2b–d).
No differences were detected between adjusted and unadjusted
models (Supplementary Fig. S2 (online))

Associations of prenatal Mn with child cognition when stratified
by hemoglobin
When the sample was stratified by hemoglobin status, Mn in third
trimester blood of mothers who were not anemic was positively
associated with child memory scores at 4 years of age (Fig. 3b).
Among anemic women, third trimester Mn levels trended toward
inverse associations with child GCI, memory, motor, quantitative,
and verbal scores. Anemia status in the third trimester significantly
modified the effect of Mn on child’s GCI score (βnormal Hb= 1.64
(−0.19, 3.47); βlow=−2.68 (−6.77, 1.41); int. P= 0.05), child
memory score (βnormal Hb= 1.34 (−0.17, 2.50); βlow=−1.38
(−4.05, 1.30); int. P= 0.05), and child verbal score (βnormal Hb=
1.17 (−0.07, 2.41); βlow=−1.51 (−4.21, 1.18); int. P= 0.05) (Fig. 3b).
Furthermore, a trend toward this interaction was present for child
motor and quantitative scores (Fig. 3b). No associations between
Mn and child McCarthy scores were detected when Mn was
measured in the second trimester, mothers at birth, or cord blood
in samples stratified by anemic status (Fig. 3a, c, d). No differences
were detected between adjusted and unadjusted models
(Supplementary Fig. S3 (online)).

Sex-specific effects of prenatal Mn, anemia, and iron deficiency on
child GCI
When the sample was stratified by child sex, no sex-specific
associations of Mn with child GCI were detected or when the
population was stratified by ferritin/hemoglobin in the second
trimester, in cord blood, or in maternal blood at birth (Fig. 4).
In the third trimester, no sex-specific associations between Mn

and GCI were detected when the population was stratified by iron
deficiency (Fig. 4b). However, a significant three-way interaction
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Table 2. Exposure summary of manganese (µg/dL), serum ferritin (ng/mL), and hemoglobin (g/dL) values.

Measurement Manganese Ferritin Hemoglobin

N Mean ± SD N Mean ± SD N Mean ± SD

Second trimester 571 1.45 ± 0.50 555 36.68 ± 31.49 571 11.64 ± 0.87

Third trimester 498 1.93 ± 0.68 261 18.03 ± 15.68 498 11.55 ± 0.96

Mother at birth 480 2.51 ± 1.08 456 38.8 ± 74.21 454 11.33 ± 1.61

Cord blood 366 4.75 ± 2.07 342 217.2 ± 150.2 321 14.43 ± 1.84

ICC (maternal measurements) 600 0.27 593 0.33 601 0.37

ICC (all measurements) 601 0.05 595 −0.08 600 0.024

SD standard deviation, ICC intraclass-correlation coefficients were determined by mixed-effects models

Table 1. Population characteristics of children at birth and at 4–6 years and mothers at enrollment in the second trimester.

Children’s characteristics N Mean ± SD (%) Median (10th, 90th percentile)

General cognitive index (GCI) score 571 99.82 ± 13.12 101 (84, 116)

Memory score 571 47.29 ± 8.3 48 (37, 58)

Motor score 571 44.49 ± 8.63 45 (34, 55)

Perception score 571 51.82 ± 7.95 52 (41, 62)

Quantitative score 571 46.09 ± 9.44 46 (34, 58)

Verbal score 571 49.95 ± 8.94 50 (39, 61)

Child age at 4–6 years visit (years) 571 4.8 ± 0.56 4.77 (4.11, 5.48)

Hemoglobin at 48 mo (g/dL) 408 12.32 ± 0.88 12.25 (11.21, 13.39)

Gestational age at second trimester visit (weeks) 571 18.38 ± 1.53 19 (17, 20)

Gestational age at third trimester visit (weeks) 499 31.67 ± 1.29 32 (30, 33)

Gestational age at birth (weeks) 571 38.33 ± 1.74 39 (36, 40)

Birth weight (kg) 571 3.06 ± 0.44 3.07 (2.55, 3.6)

Breastfeeding

Breastfed at 6 months 279 68.38

Not breastfed at 6 months 129 31.62

Sex

Male 285 49.91

Female 286 50.09

Maternal characteristics N Mean ± SD (%) Median (10th, 90th percentile)

Maternal age (years) 571 27.57 ± 5.58 27.17 (20.43, 35.68)

Pre-pregnancy BMI (kg/m2) 571 26.32 ± 4.15 25.75 (21.35, 31.62)

Maternal education

Less than high school 232 40.63

High school 205 35.90

More than high school 134 23.47

Socioeconomic statusa

Low 295 51.66

Medium 217 38.01

High 59 10.33

Parity

Primiparous 221 38.70

Multiparous 350 61.30

Marital status

Single 109 19.09

Partnered 462 80.91

Environmental tobacco smoke

No ETS 400 70.05

ETS 168 29.95

SD standard deviation, ETS environmental tobacco smoke
aA three-level index based on the AMAI indicator.26
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between third trimester anemia, Mn, and sex was observed for
child GCI (int. P= 0.02). This effect was strongly observed in
boys—third trimester maternal Mn from anemic mothers was
inversely associated with GCI, but positively associated with GCI in

non-anemic mothers (βnormal Hb boys= 2.50 (−0.25, 5.24);
βlow boys=−5.55 (−12.33, 1.22)) (Fig. 4b). To evaluate the
generalizability of our results, we ran these models with the
remaining McCarthy Scales. A significant association was observed
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for child memory (Supplementary Fig. S4B (online)) and verbal
scores (Supplementary Fig. S8B (online)), with similar trend for
quantitative scores (Supplementary Fig. S7B (online)).

Sensitivity analysis: adjustment for second and third trimester
supplement use
Generally, supplement use differed between low and normal
populations of hemoglobin tin the second trimester and between
low and normal populations of serum ferritin in the third trimester
(Supplementary Table S4 (online)). Adjustment of second and
third trimester models for any vitamins or supplements did not
change the associations of anemic factors or of Mn with child
McCarthy Scales (Supplementary Figs. 9 and S10 (online)).

DISCUSSION
We examined the associations between Mn measured throughout
pregnancy with child cognition and assessed effect modification by
concurrent anemia and iron deficiency. Although we detected no
direct effect of Mn or anemia/iron deficiency measured at any time
point on child neurodevelopment outcomes in the full, un-stratified,
population, we observed significant interactions for second trimester
maternal blood Mn by second trimester ferritin status, and of third
trimester maternal Mn by third trimester hemoglobin status on child
GCI, memory, motor, quantitative, and verbal scores. Our results
were consistent with the nutritional properties of both elements—
Mn was beneficial when iron status was within normal limits, but
associated with lower McCarthy Scale scores in the setting of anemia
or iron deficiency. We also observed a effect modification by third
trimester anemic status in boys on GCI status. These results suggest
that iron and Mn status may act in tandem on the developing
nervous system and that deficiency in one of the elements can
impact the benefits of the other.
Research suggests that high prenatal Mn exposure adversely

effects child neurodevelopment. In an analysis in this cohort at

24 months, researchers observed a significant association of third
trimester and cord blood Mn with decreased cognitive, language,
and motor development.7 Furthermore, in other cohorts, prenatal
Mn exposure was adversely associated with cognitive and
language scores at 2 years28 and cord blood Mn levels were
negatively associated with three McCarthy scores at 3 years, but
not at 6 years.29 Other studies have found associations of prenatal
Mn with child behavioral problems.8

The primary mechanisms of Mn neurotoxicity are not well
understood, but may involve increased oxidative damage to
neuronal cells with targeting of glutaminergic and dopaminergic
systems impacting executive function and attention.30 The
adverse effects of iron deficiency are also mediated in part by
dopaminergic neurons, as iron deficiency anemia increases
spontaneous dopamine release in the nucleus accumbens among
other effects on dopamine pathways,31 as well as glutaminergic
systems and myelination.32 Glutamate and dopamine are essential
to learning and behavioral development, suggesting that the
combination of higher Mn and lower iron status may be operating
via dopaminergic/glutaminergic pathways that are shared by iron
and Mn. In this population, second and third trimester Mn trended
towards being inversely associated with child cognition in
mothers with low second or third trimester ferritin or hemoglobin.
In contrast, second and third trimester Mn in mothers with normal
ferritin and hemoglobin was positively associated with child
cognition.
Interestingly, effect modification of the association between Mn

and child cognition by iron deficiency was observed in the second
trimester and effect modification by anemia was observed in the
third trimester. These results suggest that earlier development is
more susceptible to the interactions between Mn and anemia or
iron deficiency. Research demonstrates that fetal development
is more vulnerable than postnatal development to toxicant
exposure. This may be due to differing physiological requirements
for Mn or iron by developmental stage, or by changing
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pharmacokinetics throughout development, particularly in terms
of drug metabolizing enzymes, and hepatic and renal clearance
systems.33 Additionally, although Mn can cross the blood–brain
barrier, it has been suggested that incomplete blood–brain barrier
development may increase Mn uptake earlier in pregnancy.4

Furthermore, the transferrin receptor is expressed early in
development throughout the brain, possibly explaining increased
iron uptake.4 Mn is also able to bind to transferrin for transport via
neuronal divalent metal transporter,4 suggesting that in situations
of low iron, Mn uptake may increase due to decreased binding
competition. When measured in the third trimester, the effects of
Mn were modified only by anemia and not iron deficiency.
However, ~75% of cases of anemia during pregnancy are due to
iron deficiency.34 In this instance, it is possible that the anemic
state measured during the third trimester is a better reflection of
iron deficiency anemia than the serum ferritin measurement. Thus,
effect modification similar to second trimester Mn and iron
deficiency is now detectable as an interaction between third
trimester Mn and anemia.
We also observed effect modification by sex and third trimester

hemoglobin on Mn and child GCI scores, which was also apparent
in memory, quantitative, and verbal scores. A negative relationship
between Mn and neurodevelopment was detected in boys born
to mothers with low third trimester hemoglobin. To date, only one
other study has investigated a three-way interaction between Mn,
hemoglobin, and cognition. In 6-month-old infants, Gunier et al.5

observed that girls born to mothers with low hemoglobin had
lower mental and psychomotor development indexes than those
born to mothers with higher hemoglobin. They observed no
effects in boys. Previous studies have reported that girls tend to
have higher Mn blood levels than boys,5,8 and cross-sectional
analyses in children have reported adverse effects on

neurodevelopment in girls.35 In contrast, we observed no effect
modification in girls. However, another study found a negative
association between cord blood Mn and hand skills in boys, but
not in girls.29

The Mn levels measured in this study were lower than
previously assessed in maternal whole blood in the United
States,36 approximately equal to concentrations in South Africa,37

but higher than those in France.38 However, the timing of the Mn
measurements during pregnancy may differ across studies,
complicating direct comparisons. We observed an increase in
Mn in maternal blood between the second trimester, third
trimester, and at birth (ICC= 0.27), which is expected, as Mn
concentrates during pregnancy to provide the fetus with
adequate supply.15 Population average Mn measured in cord
blood was approximately double Mn measured in maternal blood
at birth, which is comparable to previous research.15,36,37 However,
ICCs including cord blood were null, and low correlations between
maternal Mn at birth and cord blood Mn have been reported
previously.
Approximately 20% of women in our population were anemic

during pregnancy, which is expected within the Mexican
population.39 Ferritin levels in this population decreased by half
between the second and third trimesters, as nutritional iron
requirements triple through pregnancy.10 However, serum ferritin
levels in mothers at birth were similar to those measured during
the second trimester, which may be due to iron supplementation
during pregnancy. Mn levels were significantly higher in iron
deficient mothers, which is consistent with well-established
interactions between Mn and Fe.6,40

We also observed differences in maternal BMI by anemic status
and by trimester. Women that were anemic in the second
trimester tended to have lower BMI, whereas women who were
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anemic at birth tended to have higher BMI than women with
normal hemoglobin. Previous research suggests that obesity
contributes to iron deficiency in pregnancy.11 It is possible that
the effect of obesity on anemia may be small early in pregnancy,
but as physiological iron requirements increase, the effects of
obesity on iron deficiency become apparent. While we were
unable to test this hypothesis, this pattern deserves future
investigation.
This study has several limitations. First, Mn measured in blood

does not indicate chronic exposure, however, whole-blood Mn is
regarded as a useful biomarker of exposure and multiple studies
report associations between prenatal blood Mn and neurodeve-
lopment. Second, maternal Mn levels may underestimate prenatal
child exposures because Mn is known to concentrate in the
developing fetus.3 Finally, the small sample size for serum ferritin
measurements limits our ability to detect three-way interactions
with Mn, ferritin, and child sex through the lack of statistical power
or potential increase in bias.
Nonetheless, our analysis also had several strengths, including

prospective follow-up with high retention and multiple measure-
ments of Mn during pregnancy. Moreover, we analyzed both
ferritin and hemoglobin as effect modifiers. Although serum
ferritin is also increased during inflammation, it is a more stable
indicator of iron status than blood iron levels. We also demon-
strated the robustness of our results by including use of several
supplements relevant for anemia and neurodevelopment as
covariates in our sensitivity analyses. This study is one of few to
examine prenatal Mn in relation to neurodevelopment in children
over 36 months of age8 and to examine the McCarthy Scales of
Children’s Abilities as the outcome. Future studies would benefit
from longitudinal analysis of child neurodevelopment and
exploration of the relationship between childhood Mn and
anemia.

CONCLUSION
In this population, we observed effect modification of the
association between prenatal Mn and child neurodevelopment
at 4–6 years by maternal anemia and iron deficiency. Specifically,
positive associations were observed between Mn and child
cognition, verbal, memory, motor, and quantitative scores among
children whose mothers had normal hemoglobin or ferritin in the
second and third trimesters. In contrast, associations between
neurodevelopment and Mn were negative in children born to
mothers that were anemic in the third trimester or iron deficient in
the second trimester. This effect was most pronounced in boys
with mothers that were anemic in the third trimester of
pregnancy. No associations were observed when Mn and
hemoglobin/ferritin were measured in maternal blood at birth or
in cord blood. Additional research on the timing of exposure in
relation to the central nervous system is needed to fully elucidate
these effects.
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