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Abstract

IMPORTANCE Anemia affects millions of pregnant women and their children worldwide,
particularly in low- and middle-income countries. Although anemia in pregnancy is a well-described
risk factor for cognitive development, the association with child brain structure is poorly understood.

OBJECTIVE To explore the association of anemia during pregnancy and postnatal child anemia with
brain structure in early life.

DESIGN, SETTING, AND PARTICIPANTS This neuroimaging nested cohort study was embedded
within the Drakenstein Child Health Study (DCHS), a population-based birth cohort in South Africa.
Pregnant individuals were enrolled into the DCHS between 2012 and 2015 from 2 clinics in a
periurban setting. Mother-child pairs were assessed prospectively; follow-up is ongoing. A subgroup
of children had brain magnetic resonance imaging (MRI) at age 2 to 3 years from 2015 to 2018. This
study focused on the 147 pairs with structural neuroimaging and available hemoglobin data. Data
analyses were conducted in 2021 and 2022.

EXPOSURES Mothers had hemoglobin measurements during pregnancy, and a subgroup of children
had hemoglobin measurements during early life. Anemia was classified as hemoglobin levels less
than 11 g/dL based on World Health Organization guidelines; children younger than 6 months were
classified using local guidelines.

MAIN OUTCOMES AND MEASURES Child brain volumes of global, subcortical, and corpus callosum
structures were quantified using T1-weighted MRI. Linear regression models were used to analyze
the associations between maternal and child anemia with child brain volumes, accounting for
potential confounders.

RESULTS Of 147 children (mean [SD] age at MRI, 34 [2] months; 83 [56.5%] male) with high-
resolution MRI scans, prevalence of maternal anemia in pregnancy was 31.3% (46 of 147; median
[IQR] gestation of measurement: 13 [9-20] weeks). Maternal anemia during pregnancy was
significantly associated with smaller volumes of the child caudate bilaterally (adjusted percentage
difference, −5.30% [95% CI, −7.01 to −3.59]), putamen (left hemisphere: −4.33% [95% CI, −5.74 to
−2.92]), and corpus callosum (−7.75% [95% CI, −11.24 to −4.26]). Furthermore, antenatal maternal
hemoglobin levels were also associated with brain volumes in the caudate (left hemisphere:
standardized β = 0.15 [95% CI, 0.02 to 0.28]; right hemisphere: β = 0.15 [95% CI, 0.02 to 0.27]),
putamen left hemisphere (β = 0.21 [95% CI, 0.07 to 0.35]), and corpus callosum (β = 0.24 [95% CI,
0.09 to 0.39]). Prevalence of child anemia was 52.5% (42 of 80; median [IQR] age of measurement:
8.0 [2.7 to 14.8] months). Child anemia was not associated with brain volumes, nor did it mediate
the association of maternal anemia during pregnancy with brain volumes.
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Abstract (continued)

CONCLUSIONS AND RELEVANCE In this cohort study, anemia in pregnancy was associated with
altered child brain structural development. Given the high prevalence of antenatal maternal anemia
worldwide, these findings suggest that optimizing interventions during pregnancy may improve child
brain outcomes.
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Introduction

Anemia is a major health burden affecting approximately 273 million people.1 Women and children
are particularly vulnerable.2 Globally, 38% of pregnant women and 43% of children are estimated to
be anemic,1 with the highest prevalence in low- and middle-income countries (LMICs).3-6 Anemia is
defined by low hemoglobin concentration, and the most common cause is iron deficiency,
representing half of cases.1,6

Anemia in pregnancy is a well-described risk factor for poor maternal and infant health
outcomes including increased risk of maternal mortality, stillbirth, prematurity, and low
birthweight.3,7,8 Furthermore, it is recognized as a leading cause of lost developmental potential in
LMICs.2 Findings from the South African Drakenstein Child Health Study (DCHS) suggest antenatal
maternal anemia is a key driver of poor child neurocognitive outcomes,9 supporting global
reports.10,11 Studies have also shown that child anemia may affect long-term academic achievement
despite supplementation.12,13 However, little is known about the association of anemia with child
brain structure, and the relative influence of antenatal compared with postnatal anemia. Although
effective interventions for anemia exist,14 these could be optimized with further understanding of
the impact on child brain development.2,15

Neuroimaging may provide insights into the association of anemia with early brain maturation
and the neurobiology underpinning developmental outcomes.16 However, few magnetic resonance
imaging (MRI) studies have investigated the association of anemia with developing brain outcomes
and, of these, most have focused on child anemia in the postnatal period.17-19 Furthermore, to our
knowledge, no studies have differentiated between the associations of anemia in pregnancy vs
anemia in childhood. In neonates, one study in India reported an association between antenatal
anemia and smaller hippocampal volumes,20 and a recent US study identified an association
between maternal iron intake and cortical microstructure.21 To our knowledge, no studies have been
conducted in sub-Saharan Africa, where loss of neurodevelopmental potential is greatest.15

The DCHS provides a unique opportunity to investigate the association of anemia with brain
development during critical windows of vulnerability where interventions may have the most
benefit. We aimed to examine the associations among maternal anemia during pregnancy, postnatal
child anemia, and child brain structure at age 2 to 3 years in a subgroup of this South African
birth cohort.

Methods

This cohort study was approved by the University of Cape Town Human Research Ethics Committee,
Stellenbosch University, and the Western Cape Provincial Health Research Committee. Written
informed consent was obtained from all pregnant individuals at enrollment. The present study
followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.
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Design and Setting
The population-based DCHS birth cohort is located in a periurban district 60 km outside of Cape
Town, South Africa.22,23 The community is characterized by low socioeconomic status, with high
unemployment and multiple health and psychosocial risk factors, representative of many
communities in South Africa and other LMICs. More than 90% of the population accesses public
health services. Pregnant individuals aged at least 18 years were recruited while attending routine
antenatal care at 2 public sector primary health care clinics, Mbekweni and TC Newman, which lie at
sea level.

Participants
The DCHS enrolled 1225 pregnant individuals between 2012 and 2015. A total of 1143 livebirths were
included and are being followed postnatally with good retention in care.24 A study flowchart is
included in the eFigure in Supplement 1. A subgroup of children participated in a nested longitudinal
neuroimaging substudy embedded in the larger DCHS, with the first neuroimaging time point at 2
to 6 weeks of age. Of eligible children, those who underwent MRI in the neonatal period were
included at 2 to 3 years of age. In addition, children not imaged at birth were also selected based on
known risk factors for neurodevelopment in this population (maternal HIV25 and alcohol use in
pregnancy26), and a randomly selected comparison group.27 A total of 239 children were invited to
attend neuroimaging after turning 2 years of age (2015 to 2018),27 with exclusion criteria: (1) medical
comorbidity (genetic syndrome, neurological disorder, or congenital abnormality); (2) gestation less
than 36 weeks; (3) low Apgar score (less than 7 at 5 minutes); (4) neonatal intensive care admission;
(5) maternal use of illicit drugs; (6) MRI contraindications; and (7) child HIV infection. The nested
neuroimaging group was comparable with the full birth cohort (see Wedderburn et al27). T1-weighted
MRI images were acquired on 162 children, of which 147 had maternal hemoglobin data and 80 had
child hemoglobin data.

Measures
Comprehensive biomedical, environmental, psychosocial, demographic, and physical data of the
mother and child were collected antenatally. Birth information was abstracted by study staff at
delivery. Child gestational age at delivery was calculated based on antenatal ultrasonography, if
available; otherwise gestational age was determined using symphysis-fundal height or maternal
report of last menstrual period. All mothers were tested for HIV during pregnancy with repeat testing
along with infant testing during the postnatal period per national guidelines. Child anthropometry
measurements were taken at routine study visits at 2 years according to World Health Organization
(WHO) standards.28 Maternal weight and body mass index were measured at 6 weeks postpartum.
Maternal smoking in pregnancy was assessed through self-report. A dichotomous classification of
alcohol use was generated using the Alcohol, Smoking and Substance Involvement Screening Test
and a retrospective questionnaire on alcohol use.

Mothers had hemoglobin levels measured during pregnancy when they attended their
antenatal booking visit as standard-of-care, where iron (ferrous sulfate) and folic acid
supplementation are given per national guidelines. Hemoglobin was measured using rapid tests, and
levels were abstracted from antenatal clinical records by trained study staff at DCHS enrollment visit.
Based on WHO guidelines,29 hemoglobin levels less than 11 g/dL (to convert to grams per liter,
multiply by 10.0) during pregnancy were classified as anemia. Further classifications into mild (10.0
to 10.9 g/dL), moderate (7.0 to 9.9 g/dL), and severe anemia (less than 7.0 g/dL) were made.29

Children had hemoglobin measured as a laboratory full blood count if they presented to a hospital
with pneumonia between birth and the MRI scan. For children with multiple measurements, the
lowest hemoglobin measurement was used to reflect the most severe presentation. Child anemia
was defined using WHO guidelines for all children aged older than 6 months.29 For children younger
than 6 months, age-specific cutoffs for anemia were taken from local (Groote Schuur Hospital/
University of Cape Town Pathology Laboratory) guidelines (eTable 2 in Supplement 1).
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Neuroimaging
Neuroimaging was conducted at the Cape Universities Body Imaging Centre using a 3-Tesla Siemens
Skyra whole body MRI scanner (Siemens) and 32-channel head-coil. Children were scanned during
natural sleep without sedation. The neuroimaging protocol and MRI specifications are detailed in the
eAppendix in Supplement 1.27

Structural MRIs were processed using FreeSurfer version 6.0 software (Laboratory for
Computational Neuroimaging at the Athinoula A. Martinos Center for Biomedical Imaging) using the
automated processes of cortical reconstruction and volumetric segmentation.30,31 Subcortical and
cortical tissue volumes were extracted for analysis. Based on previous research findings,17,19-21 we
focused on global volumes (cerebral white matter, total gray matter, subcortical gray matter),
subcortical structures (thalamus, caudate, putamen, pallidum, amygdala, hippocampus, nucleus
accumbens), and the corpus callosum. The corpus callosum was segmented into posterior,
midposterior, central, midanterior, and anterior regions,30-32 which were investigated independently.
The midposterior, central, and midanterior volumes were summed to make the body, and the total
corpus callosum volume was calculated by summing all anatomical regions.33 Intracranial volume was
included in analyses to account for brain size.34,35

Statistical Analysis
Sample characteristics and clinical variables are presented as means (with SDs) for continuous data
and frequencies for categorical data. We compared sociodemographic characteristics between
children born to mothers with anemia during pregnancy vs those whose mothers did not have
anemia during pregnancy using unpaired t tests for continuous data and χ2 tests for categorical data.
The primary exposure was maternal anemia during pregnancy (dichotomized by hemoglobin levels
less than 11 g/dL vs 11 g/dL or higher; independent variable) and primary outcomes were child brain
volumes (dependent variables). We first reported mean differences and Cohen d effect sizes by
maternal anemia status using independent linear regression models for each region of interest.
Models were adjusted for child age at MRI, child sex, intracranial volume, maternal education, and
household income reported antenatally, ie, factors known to influence brain development selected a
priori, as represented in our conceptual framework3,9,36-41 (Figure 1). In regions where an association

Figure 1. Conceptual Framework Model of Potential Pathways Connecting Maternal Anemia and Child Anemia
With Child Brain Structure
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This model was developed using multiple information
sources.3,9,36-41 We performed multivariable analyses
adjusting for potential confounding factors at the
macrosystem level, and sensitivity analyses including
potential confounders at the microsystem level where
available.

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 4/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.44772&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772


was observed (P < .05), we calculated adjusted percentage differences and explored multivariable
linear regression models using standardized regression coefficients for continuous maternal
hemoglobin concentrations and, separately, categorical anemia severity.29 Additionally, we
investigated child anemia as our exposure across all regions of interest and conducted mediation
analyses using structural equation modeling. We checked normality of residuals and homogeneity of
variance for each model using Q-Q plots and visualizing a scatterplot to ensure robustness of model
assumptions.

To validate our analyses, we performed several sensitivity analyses. First, given that tobacco
smoking is known to increase hemoglobin concentrations,29 standard anemia cutoffs may
underestimate functional anemia in people who smoke; therefore, we adjusted hemoglobin
concentrations of individuals who were active smokers in pregnancy per WHO guidelines. Second, in
healthy individuals, given hemoglobin concentrations change over pregnancy trimesters as a result
of higher maternal blood volume,29 we also adjusted for trimester of pregnancy of hemoglobin
measurement. Third, to ensure robustness against unmeasured confounding, we built additional
multivariable models adjusting for maternal alcohol use in pregnancy, given the known impact on
child brain structure,42 and maternal HIV status, given high HIV prevalence in our setting.

All analyses were performed using Stata version 14.2 (StataCorp). A 2-sided significance level of
P < .05 was used throughout; adjusted analyses are presented. Bonferroni corrections were reported
for 14 subcortical regional models and 7 corpus callosum regional models. Data analyses were
performed 2021 to 2022.

Results

Maternal Anemia and Child Brain Structure
A total of 147 children with MRI (mean [SD] child scan age 34 [2] months, 83 [56.5%] male) were
born to mothers with hemoglobin measured during pregnancy. Maternal hemoglobin measurements
were mainly taken in the first (50.3%) and second trimesters (46.9%) of pregnancy, at a median
(IQR) of 13 (9-20) weeks’ gestation. Overall, 46 of 147 mothers (31.3%) were found to have anemia in
pregnancy. Of these, 24 of 46 mothers (52.2%) had mild anemia, and 22 of 46 mothers (47.8%) had
moderate anemia (Table 1). Sociodemographic characteristics, antenatal exposures including
smoking and alcohol use in pregnancy, and maternal and child anthropometry were similar between
groups (Table 1). HIV infection was prevalent in mothers with anemia (23 mothers [50.0%]) and
without anemia (44 mothers [43.6%]); all mothers with HIV infection were receiving antiretroviral
drug regimens (66 of 67 mothers [98.5%] receiving triple therapy).

Maternal anemia in pregnancy was not associated with child global brain volumes after
adjusting for covariates. However, we identified significant associations with individual subcortical
structures, including smaller volumes of the child caudate bilaterally (left hemisphere adjusted
percentage difference, −5.41% [95% CI, −7.21% to −3.60%]; Cohen d, −0.35 [95% CI, −0.70 to
−0.00]; right hemisphere adjusted percentage difference, −5.20% [95% CI, −6.88% to −3.51%];
Cohen d, −0.34 [95% CI, −0.69 to 0.01]; overall adjusted percentage difference, −5.30% [95% CI,
−7.01% to −3.59%]) and left putamen (adjusted percentage difference, −4.33% [95% CI, −5.74% to
−2.92%]; Cohen d, −0.33 [95% CI, −0.68 to 0.02]) (Table 2 and Figure 2). Furthermore, we found an
association between anemia in pregnancy and individual corpus callosum segments (central,
anterior, midanterior, and posterior), with Cohen d effect sizes ranging from −0.36 to −0.40 (P for
trend < .05). The association with the total corpus callosum volume (Cohen d, −0.44 [95% CI, −0.80
to −0.09]) remained significant after multiple comparison correction (Table 2 and Figure 2). The
corpus callosum volume of children born to mothers with anemia in pregnancy was −7.75% (95% CI,
−11.24% to −4.26%) smaller compared with the control group.

Similarly, lower maternal hemoglobin levels were associated with smaller caudate volume (left
hemisphere: β = 0.15 [95% CI, 0.02 to 0.28]; right hemisphere: β = 0.15 [95% CI, 0.02 to 0.27]), left
hemisphere putamen volume (β = 0.21 [95% CI, 0.07 to 0.35]) and corpus callosum total volume
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(β = 0.24 [95% CI, 0.09 to 0.39]) (Figure 3) on multiple regression accounting for covariates.
Furthermore, children born to mothers with moderate anemia had significantly lower regional
volumes than those with mild anemia (eTable 1 in Supplement 1).

Table 1. Sociodemographic Characteristics of Children Born to Mothers With Anemia in Pregnancy
vs Without Anemia in Pregnancya

Variable

No. (%)

P value
Maternal anemia
(n = 46)

No maternal anemia
(n = 101)

Pregnancy characteristics

Anemia in pregnancyb

Mild 24 (52.2) NA NA

Moderate 22 (47.8) NA NA

Severe 0 NA NA

Hemoglobin during pregnancy, mean (SD), g/dL 9.8 (0.7) 12.3 (0.9) <.001

Trimester of pregnancy measuredc

First 13 (28.3) 61 (60.4)

.001Second 31 (67.4) 38 (37.6)

Third 2 (4.4) 2 (2.0)

Maternal sociodemographic characteristics

Site (TC Newman) 11 (23.9) 24 (23.8) .98

Monthly household income, ZAR

<1000 (approximately <$75) 19 (41.3) 28 (27.7)
.10

>1000 (approximately >$75) 27 (58.7) 73 (72.3)

Education

Any secondary 34 (73.9) 65 (64.4)
.25

Completed secondary 12 (26.1) 36 (35.6)

Employed 11 (23.9) 31 (30.7) .40

Age at delivery, mean (SD), y 28.9 (6.5) 28.3 (5.2) .55

Smoking during pregnancy 6 (13.0) 19 (18.8) .39

Alcohol use during pregnancy 7 (19.4) 13 (15.9) .63

HIV infection 23 (50.0) 44 (43.6) .47

Weight 6 wk postpartum, mean (SD), kg 70.6 (20.2) 76.2 (16.1) .14

BMI 6 wk postpartum, mean (SD) 28.2 (6.9) 29.6 (6.2) .31

Child characteristicsd

Age at scan, mean (SD), mo 33.8 (2.0) 34.2 (1.6) .19

Sex

Male 28 (60.9) 55 (54.5)
.47

Female 18 (39.1) 46 (45.5)

HIV infection 0 0 NA

Gestational age at birth, mean (SD), wk 38.8 (2.8) 38.9 (2.5) .84

Birth weight, mean (SD), kg 3.06 (0.57) 3.09 (0.59) .79

Birth length, mean (SD), cm 49.3 (3.6) 49.5 (4.1) .86

Birth head circumference, mean (SD), cm 33.6 (2.2) 33.6 (1.9) .98

WAZ at 2 y, mean (SD) 0.15 (1.2) −0.12 (1.3) .27

Underweight at 2 y 2 (5.3) 6 (6.5) .79

HAZ at 2 y, mean (SD) −0.95 (1.2) −0.88 (1.1) .77

Stunting at 2 y 7 (18.4) 14 (15.2) .65

HCZ at 2 y, mean (SD) 0.57 (1.6) 0.24 (1.5) .26

Microcephaly at 2 y 2 (5.4) 4 (4.4) .80

Total intracranial volume, mean (SD), cm3 1214 (128) 1211 (113) .88

Abbreviations: BMI, body mass index (calculated as
weight in kilograms divided by height in meters
squared); HAZ, z-scores for height-for-age; HCZ,
z-scores for head circumference-for-age ; WAZ,
z-scores for weight-for-age; ZAR, South African Rand.

SI conversion factor: To convert hemoglobin grams per
liter, multiply by 10.
a Continuous variables were compared with unpaired

t tests; categorical variables were compared with χ2

tests. Percentages are cited among those with
nonmissing values. Data were missing for 29 women
for maternal alcohol use; 45 women for maternal
BMI and weight 6 weeks postpartum; 1 child for birth
weight; 4 children for birth length; 3 children for
birth head circumference; 17 children for WAZ and
HAZ at age 2 years; and 18 children for HCZ at age
2 years.

b Anemia was classified per the WHO
recommendations as hemoglobin less than 11 g/dL.
Subcategories were defined as mild, 10.0 to 10.9
g/dL; moderate, 7.0 to 9.9 g/dL; and severe, less than
7.0 g/dL.

c Trimester of pregnancy defined as first, 0 to 12
weeks; second, 13 to 27 weeks; and third, 28
weeks onwards.

d The birth anthropometrical measurements were
conducted by trained labor ward staff, the infant’s
length was measured in cm to the nearest completed
0.5 cm, and their weight was measured in kg. Child
weight and length measurements were converted to
z-scores for WAZ, HAZ, and HCZ. Weight and length
measurements were converted to z-scores based on
age and sex, using Anthro software.28 Children were
classified as underweight, stunted, or having
microcephaly if they had a weight, height, or head
circumference z-score less than −2 SDs, respectively.
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Child Anemia and Brain Structure
Child hemoglobin levels were available on a subgroup of 80 children with imaging (median [IQR] age
at hemoglobin measurement: 8.0 [2.7-14.8] months). Of these children, 42 of 80 (52.5%) were
classified as anemic (eTable 2 in Supplement 1). Sociodemographic characteristics were similar
between children with and without anemia, as well as between the subgroup of children with
hemoglobin measurements and those without (eTables 3 and 4 in Supplement 1). There were no
statistically significant associations identified between child anemia alone and global, subcortical, or
corpus callosum volumes in this cohort (eTable 5 in Supplement 1).

Table 2. Adjusted Mean Differences in Child Brain Volumes by Exposure to Maternal Anemia in Pregnancy

Brain volumes

Volume, mean (SD), mm3

Adjusted mean difference (95% CI)a P value Effect size, Cohen d (95% CI)No maternal anemia Maternal anemia
Global volume

Cerebral white matter 310 884 (37 512) 310 824 (41 291) −1543 (−8233 to 5147) .65 −0.04 (−0.39 to 0.31)

Total gray matter 675 039 (55 008) 676 781 (61 973) −766 (−9138 to 7606) .86 −0.01 (−0.36 to 0.34)

Subcortical gray matter 47 930 (4205) 47 080 (4471) −869 (−1804 to 66) .07 −0.20 (−0.55 to 0.15)

Subcortical regions

Thalamus

Left 5922 (591) 5865 (585) −48.89 (−189.65 to 91.87) .49 −0.08 (−0.43 to 0.27)

Right 5830 (595) 5796 (542) −21.25 (−165.81 to 123.30) .77 −0.04 (−0.39 to 0.31)

Caudate

Left 3302 (533) 3142 (407) −178.82 (−316.42 to −41.22) .01d −0.35 (−0.70 to −0.00)

Right 3393 (542) 3241 (406) −176.76 (−314.11 to −39.41) .01d −0.34 (−0.69 to 0.01)

Putamen

Left 4524 (530) 4331 (689) −195.95 (−380.76 to −11.14) .04d −0.33 (−0.68 to 0.02)

Right 4558 (528) 4450 (624) −80.77 (−254.05 to 92.51) .36 −0.14 (−0.49 to 0.21)

Pallidum

Left 1604 (212) 1555 (271) −57.67 (−129.06 to 13.71) .11 −0.25 (−0.60 to 0.10)

Right 1529 (187) 1482 (234) −48.48 (−109.99 to 13.03) .12 −0.24 (−0.59 to 0.11)

Amygdala

Left 1205 (149) 1192 (181) −11.26 (−60.14 to 37.62) .65 −0.07 (−0.42 to 0.28)

Right 1325 (175) 1334 (170) 9.87 (−44.07 to 63.81) .72 0.06 (−0.29 to 0.41)

Hippocampus

Left 3066 (301) 3053 (324) −12.63 (−99.71 to 74.45) .78 −0.04 (−0.39 to 0.31)

Right 3144 (324) 3184 (403) 47.21 (−56.89 to 151.30) .37 0.14 (−0.21 to 0.48)

Accumbens

Left 569 (95) 584 (105) 13.01 (−18.04 to 44.06) .41 0.13 (−0.22 to 0.48)

Right 577 (94) 589 (87) 8.36 (−20.91 to 37.63) .57 0.09 (−0.26 to 0.44)

Corpus callosum

Posterior 639 (100) 597 (119) −40.92 (−76.85 to −4.99) .03d −0.37 (−0.72 to −0.02)

Midposterior 332 (76) 317 (70) −12.48 (−38.23 to 13.27) .34 −0.17 (−0.52 to 0.18)

Central 428 (104) 393 (87) −35.97 (−70.83 to −1.11) .04d −0.36 (−0.71 to −0.00)

Midanterior 422 (128) 379 (100) −48.34 (−89.57 to −7.11) .02d −0.39 (−0.74 to −0.04)

Anterior 778 (163) 724 (142) −64.02 (−114.22 to −13.82) .01d −0.40 (−0.75 to −0.05)

Bodyb 1182 (258) 1089 (223) −96.79 (−182.23 to −11.35) .03d −0.38 (−0.73 to −0.03)

Totalc 2600 (441) 2410 (430) −201.73 (−345.55 to −57.92) .006d,e −0.44 (−0.80 to −0.09)

Multivariable linear regression was performed to assess the association of any maternal anemia with child brain volumes correcting for household income and maternal education,
child age and sex, and intracranial volume. A negative mean difference represents smaller volumes in those children born to mothers with anemia.

b Corpus callosum body: sum of midposterior, central, and midanterior regions.
c Corpus callosum total: sum of posterior, midposterior, central, midanterior, and anterior regions.
d P < .05 uncorrected.
e P values survive Bonferroni correction (subcortical cutoff: P < .004; Corpus callosum:P < .007).
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Maternal and Child Anemia and Child Brain Structure
To understand whether child anemia mediates the association between maternal anemia and child
brain structure, we used structural equation modeling. There was no association identified between
maternal anemia in pregnancy and child anemia (χ2 = 0.004, P = .95) (eTable 6 in Supplement 1),
and no evidence for mediation (eTable 7 in Supplement 1).

Sensitivity Analyses
The identified associations between maternal anemia and subcortical and corpus callosum volumes
were found to be robust in sensitivity analyses. The coefficients held after adjusting maternal
hemoglobin concentration for smoking and adjusting for alcohol use in pregnancy, maternal HIV
status, and trimester of pregnancy at hemoglobin measurement in the respective analyses.

Discussion

In this neuroimaging nested cohort study of mother-child pairs in South Africa, 31% of mothers were
found to have anemia in pregnancy (hemoglobin less than 11 g/dL). At age 2 to 3 years, children born
to mothers with antenatal anemia had smaller basal ganglia (caudate and putamen) and corpus

Figure 2. Subcortical and Corpus Callosum Volumes Associated With Maternal Anemia, Superimposed
on a Cortical Surface

Anterior oblique viewA Sagittal view from the left sideB

Images were created using FreeSurfer. The colors
represent the segmented structures as follows: purple,
corpus callosum; pink, caudate nucleus;
blue, putamen.

Figure 3. Linear Regression of Total Corpus Callosum Volume by Maternal Hemoglobin in Pregnancy

4000

3500

3000

2500

2000

1500

Co
rp

us
 c

al
lo

su
m

 v
ol

um
e,

 m
m

3

Maternal hemoglobin in pregnancy, g/dL
157 8 9 10 11 12 13 14

95% CI

Fitted values
Corpus callosum volume

Linear regression of maternal hemoglobin
concentration (in grams per deciliter; to convert to
grams per liter, multiply by 10) in pregnancy with child
total corpus callosum volume (in millimeters cubed)
with line of best fit and 95% CIs, unadjusted.

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 8/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.44772&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.44772&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772


callosum volumes compared with children of mothers without anemia. Furthermore, maternal
antenatal hemoglobin levels were significantly associated with child brain volumes in these regions.
In contrast, postnatal child anemia was not found to be associated with subcortical or cortical brain
volumes examined in this cohort. Overall, this suggests that antenatal maternal anemia, even when
mild, was associated with altered child brain development.

Although maternal anemia has been associated with poor child neurocognitive outcomes in
multiple settings,9-11 there are limited studies exploring the role of anemia in child brain structural
development. We found that antenatal maternal anemia was associated with smaller volumes in
deep gray matter structures (basal ganglia nuclei) and a major white matter structure (corpus
callosum) in children aged 2 to 3 years. The marked magnitude of effect size, particularly in the
corpus callosum, is important, given that the association was observed even though no mothers in
the group had severe anemia. Previous studies of maternal anemia and brain development have not
examined the basal ganglia or corpus callosum.20 However, changes in the corpus callosum
correspond with research identifying an association between severe iron-deficient anemia in infants
and a white matter predominant pattern of injury in the brain.17 In this cohort we found no evidence
of mediation between maternal and child anemia, or associations between child anemia and brain
volumes. Our findings suggest that there may be specific brain regions most susceptible to anemia
and that the timing of exposure is critical, with in utero emerging as the most sensitive period in
our study.

There is particular functional significance associated with volumetric changes in the basal
ganglia and corpus callosum given that these structures are known to contribute to multiple
neurocognitive domains including motor skills, executive functioning, and visuospatial ability.43-45

The corpus callosum is the largest myelinated bundle in the brain, connecting the 2 cerebral
hemispheres, and playing a critical role in transmitting information.46 Studies have shown alterations
in this brain region are associated with deficits in key cognitive functions.47,48 Furthermore,
associations between iron-rich basal ganglia structures and spatial intelligence in school-age children
have been identified,19 providing a potential neurobiological mechanism for reported visuospatial
deficits in iron-deficient infants49,50 and adults.51

The mechanisms by which anemia may affect child brain development are complex and
potentially overlapping. Anemia may reduce the hemoglobin-facilitated delivery and consumption of
oxygen in the developing brain, particularly during pregnancy when there is an expanded blood
volume and increased metabolic demand. There are multiple underlying etiologies of anemia,
including micronutrient deficiencies (eg, iron, B12), infections (eg, HIV, tuberculosis), and
inflammation, each with separate mechanisms that may additionally affect brain development.3,37

The most common of these is iron deficiency anemia, which can be due to a total reduction in iron
stores or insufficient bioavailability of iron.38,39,52 This is worsened in individuals who have iron
deficiency prior to pregnancy53 and in the context of HIV infection, for whom chronic inflammation
may increase iron sequestration.38,39,54,55 Iron plays an important biological role in neurogenesis,10,37

neurotransmitter systems,56 gene expression and regulation,57-59 myelination,60 and energy
metabolism.37 Deficiency is known to disrupt the dopaminergic neurotransmitter system of the basal
ganglia while simultaneously reducing global myelination of the white matter,40 consistent with
our results.

Anemia is generally treatable using simple interventions, such as iron supplementation, which
increase hemoglobin concentration over time.61 However, the timing of interventions aimed at
improving child outcomes linked to anemia has been controversial.62 Studies have suggested that
child postnatal iron supplementation does not improve cognitive development in children aged 2 to
3 years living in LMICs13 or necessarily have long-term cognitive benefits, as shown in reports of
children followed up at ages 7 to 9 years in Thailand and Nepal.12,63 This supports our findings that
childhood anemia may not be the driver in this association with neurodevelopmental outcomes, and
that antenatal interventions may be key for ensuring optimal neurodevelopment. Therefore, our
study reinforces the rationale for WHO recommendations of iron and folic acid in pregnancy.14
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However, current supplementation dosage recommendations may not be sufficient for individuals
presenting with anemia in pregnancy, or may be given too late, as many pregnant individuals may
begin prenatal care beyond the first trimester. In recognizing the fetal origins of brain health, future
research should explore optimizing antenatal interventions for lifelong impact, particularly where
anemia is already present. Furthermore, additional strategies may be needed to combat the various
determinants of anemia, including HIV infection. Given that anemia affects approximately one-third
of pregnant women worldwide,6 and is a leading cause of lost developmental potential in LMICs,2

the imperative for effective, well-timed interventions is profound and should remain an international
public health priority.

To our knowledge, this is the first study to differentiate the associations of maternal and child
anemia with brain development. The data were obtained from a group of children with
comprehensively characterized mother-child pairs followed longitudinally and presenting many
methodological strengths. We examined both dichotomous anemia variables and continuous
hemoglobin concentrations. We performed several sensitivity analyses adjusting hemoglobin
concentrations to avoid underestimation of anemia in situations where hemoglobin concentrations
may be raised.

Limitations
Our study has some limitations. First, this subgroup represents a high-risk subset for anemia with
enrichment for maternal HIV and alcohol use.24 However, these risk factors remain common in LMIC
populations and therefore should not affect generalizability. Second, although this study cannot
determine causality, we demonstrate robust sensitivity analyses, temporal associations, and
biological plausibility using continuous hemoglobin values. Additionally, our comparisons of mild and
moderate anemia are suggestive of a biological gradient. Hemoglobin levels during pregnancy were
measured using rapid tests, which represents standard practice and, using point-of-care results, we
were able to show an association. Third, the sample size for child anemia was small with lower
variability which may have decreased power. In addition, this group represents children with
pneumonia, which could have introduced selection bias; therefore, we cannot extrapolate these
rates of anemia more broadly. Additionally, we acknowledge that there may be residual bias from
other unmeasured factors. Longitudinal studies are needed to replicate these findings in different
populations.

Conclusions

The findings of this neuroimaging nested cohort study support the global recognition of anemia in
pregnancy as a health priority. Maternal anemia, but not child anemia, was associated with smaller
basal ganglia volumes and reduced corpus callosum size in children aged 2 to 3 years. Therefore,
antenatal maternal anemia, even when in the mild range, may have persistent consequences for the
developing brain. This finding emphasizes the fetal origins of brain health, highlighting the need to
implement effective interventions targeting prevention and treatment of maternal anemia for
improved child outcomes.

ARTICLE INFORMATION
Accepted for Publication: October 18, 2022.

Published: December 2, 2022. doi:10.1001/jamanetworkopen.2022.44772

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2022
Wedderburn CJ et al. JAMA Network Open.

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 10/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.44772&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772


Corresponding Author: Kirsten A. Donald, PhD, Department of Paediatrics and Child Health, Red Cross War
Memorial Children’s Hospital, University of Cape Town, Cape Town, Western Cape 7700, South Africa (kirsty.donald
@uct.ac.za).

Author Affiliations: Department of Paediatrics and Child Health, Red Cross War Memorial Children’s Hospital,
University of Cape Town, Cape Town, South Africa (Wedderburn, Ringshaw, Donald, Subramoney, Fouche, Barnett,
Roos, Zar); Neuroscience Institute, University of Cape Town, Cape Town, South Africa (Wedderburn, Ringshaw,
Donald, Fouche, Stein); Department of Clinical Research, London School of Hygiene & Tropical Medicine, London,
United Kingdom (Wedderburn); Departments of Neurology, Psychiatry and Biobehavioral Sciences, University of
California, Los Angeles (Joshi, Narr); Department of Bioengineering, University of California, Los Angeles (Joshi);
South African Medical Research Council (SAMRC), Unit on Child & Adolescent Health, University of Cape Town,
Cape Town, South Africa (Stadler, Barnett, Zar); MRC International Statistics & Epidemiology Group, London
School of Hygiene & Tropical Medicine, London, United Kingdom (Rehman); Department of Psychiatry & Mental
Health, University of Cape Town, Cape Town, South Africa (Hoffman, Stein); SA MRC Unit on Risk and Resilience in
Mental Disorders, Department of Psychiatry, Stellenbosch University, Stellenbosch, South Africa (Roos); SA MRC
Unit on Risk and Resilience in Mental Disorders, Department of Psychiatry & Neuroscience Institute, University of
Cape Town, Cape Town, South Africa (Stein).

Author Contributions: Drs Wedderburn and Rehman had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Wedderburn, Ringshaw, Donald, Barnett, Zar, Stein.

Acquisition, analysis, or interpretation of data: Wedderburn, Ringshaw, Donald, Joshi, Subramoney, Fouche,
Stadler, Rehman, Hoffman, Roos, Narr, Zar.

Drafting of the manuscript: Wedderburn, Ringshaw, Donald.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Wedderburn, Joshi, Rehman.

Obtained funding: Wedderburn, Donald, Zar.

Administrative, technical, or material support: Wedderburn, Ringshaw, Donald, Subramoney, Stadler, Barnett,
Hoffman, Roos, Zar.

Supervision: Donald.

Conflict of Interest Disclosures: Dr Stein reported receiving research grants and/or consultancy honoraria from
Discovery Vitality, Johnson & Johnson, Kanna, L’Oreal, Lundbeck, Orion, Sanofi, Servier, Takeda, and Vistagen
outside the submitted work. No other disclosures were reported.

Funding/Support: The Drakenstein Child Health Study is funded by the Bill & Melinda Gates Foundation (OPP
1017641), the National Research Foundation (NRF) and the National Institutes of Health. Additional support for Drs
Zar and Stein is provided by the Medical Research Council of South Africa. Dr Wedderburn was supported by the
Wellcome Trust through a Research Training Fellowship (203525/Z/16/Z). Ms Ringshaw is supported by the
Wellcome Trust through an International Training Fellowship (224287/Z/21/Z). Dr Barnett is supported by the
SAMRC, through its Division of Research Capacity Development under the Bongani Mayosi National Health
Scholars programme. Dr Donald and aspects of the research are additionally supported by the NRF, an Academy
of Medical Sciences Newton Advanced Fellowship (NAF002/1001) funded by the UK Government’s Newton Fund,
by NIAAA via (R21AA023887), by the Collaborative Initiative on Fetal Alcohol Spectrum Disorders (CIFASD)
developmental grant (U24 AA014811), and by the US Brain and Behaviour Foundation Independent Investigator
grant (24467). Dr Rehman is partially funded by the UK Medical Research Council (MRC) and the UK Department
for International Development (DFID) under the MRC/DFID Concordat agreement which is also part of the EDCTP2
programme supported by the European Union, Grant Ref: MR/R010161/1.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Data Sharing Statement: See Supplement 2.

Additional Contributions: We wish to thank the families and children who participated in the Drakenstein Child
Health Study and made this possible. We are indebted to the study staff at Mbekweni and TC Newman clinics, the
clinical and administrative staff at Paarl Hospital for their support of the study, and the radiographers at the Cape
Universities Brain Imaging Centre at Groote Schuur Hospital. We would like to recognize the work of David S. Lee,
PhD (University of California, Los Angeles) in creating the subcortical figure. We also thank the Centre for High
Performance Computing (CHPC, Rosebank) for access to their resources. They were not compensated for
this work.

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 11/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

mailto:kirsty.donald@uct.ac.za
mailto:kirsty.donald@uct.ac.za
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.44772&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772


REFERENCES
1. WHO. The Global Prevalence of Anaemia in 2011. World Health Organization; 2015.

2. Walker SP, Wachs TD, Grantham-McGregor S, et al. Inequality in early childhood: risk and protective factors for
early child development. Lancet. 2011;378(9799):1325-1338. doi:10.1016/S0140-6736(11)60555-2

3. Balarajan Y, Ramakrishnan U, Ozaltin E, Shankar AH, Subramanian SV. Anaemia in low-income and middle-
income countries. Lancet. 2011;378(9809):2123-2135. doi:10.1016/S0140-6736(10)62304-5

4. Hasan MM, Soares Magalhaes RJ, Garnett SP, et al. Anaemia in women of reproductive age in low- and middle-
income countries: progress towards the 2025 global nutrition target. Bull World Health Organ. 2022;100(3):
196-204. doi:10.2471/BLT.20.280180

5. Kinyoki D, Osgood-Zimmerman AE, Bhattacharjee NV, Kassebaum NJ, Hay SI; Local Burden of Disease Anaemia
Collaborators. Anemia prevalence in women of reproductive age in low- and middle-income countries between
2000 and 2018. Nat Med. 2021;27(10):1761-1782. doi:10.1038/s41591-021-01498-0

6. Stevens GA, Finucane MM, De-Regil LM, et al; Nutrition Impact Model Study Group (Anaemia). Global, regional,
and national trends in haemoglobin concentration and prevalence of total and severe anaemia in children and
pregnant and non-pregnant women for 1995-2011: a systematic analysis of population-representative data. Lancet
Glob Health. 2013;1(1):e16-e25. doi:10.1016/S2214-109X(13)70001-9

7. Shi H, Chen L, Wang Y, et al. Severity of anemia during pregnancy and adverse maternal and fetal outcomes.
JAMA Netw Open. 2022;5(2):e2147046-e2147046. doi:10.1001/jamanetworkopen.2021.47046

8. Means RT. Iron deficiency and iron deficiency anemia: implications and impact in pregnancy, fetal development,
and early childhood parameters. Nutrients. 2020;12(2):447. doi:10.3390/nu12020447

9. Donald KA, Wedderburn CJ, Barnett W, et al. Risk and protective factors for child development: an
observational South African birth cohort. PLoS Med. 2019;16(9):e1002920. doi:10.1371/journal.pmed.1002920

10. Radlowski EC, Johnson RW. Perinatal iron deficiency and neurocognitive development. Front Hum Neurosci.
2013;7:585. doi:10.3389/fnhum.2013.00585

11. Janbek J, Sarki M, Specht IO, Heitmann BL. A systematic literature review of the relation between iron status/
anemia in pregnancy and offspring neurodevelopment. Eur J Clin Nutr. 2019;73(12):1561-1578. doi:10.1038/
s41430-019-0400-6

12. Pongcharoen T, DiGirolamo AM, Ramakrishnan U, Winichagoon P, Flores R, Martorell R. Long-term effects of
iron and zinc supplementation during infancy on cognitive function at 9 y of age in northeast Thai children:
a follow-up study. Am J Clin Nutr. 2011;93(3):636-643. doi:10.3945/ajcn.110.002220

13. Pasricha S-R, Hayes E, Kalumba K, Biggs B-A. Effect of daily iron supplementation on health in children aged
4-23 months: a systematic review and meta-analysis of randomised controlled trials. Lancet Glob Health. 2013;1
(2):e77-e86. doi:10.1016/S2214-109X(13)70046-9

14. WHO. WHO Recommendations on Antenatal Care for a Positive Pregnancy Experience. World Health
Organization; 2016.

15. Black MM, Walker SP, Fernald LCH, et al; Lancet Early Childhood Development Series Steering Committee.
Early childhood development coming of age: science through the life course. Lancet. 2017;389(10064):77-90.
doi:10.1016/S0140-6736(16)31389-7

16. Isaacs EB. Neuroimaging, a new tool for investigating the effects of early diet on cognitive and brain
development. Front Hum Neurosci. 2013;7:445. doi:10.3389/fnhum.2013.00445

17. Loureiro B, Martinez-Biarge M, Foti F, Papadaki M, Cowan FM, Wusthoff CJ. MRI patterns of brain injury and
neurodevelopmental outcomes in neonates with severe anaemia at birth. Early Hum Dev. 2017;105:17-22. doi:10.
1016/j.earlhumdev.2017.01.001

18. Chen Y, Su S, Dai Y, et al. Quantitative susceptibility mapping reveals brain iron deficiency in children with
attention-deficit/hyperactivity disorder: a whole-brain analysis. Eur Radiol. 2022;32(6):3726-3733. doi:10.1007/
s00330-021-08516-2

19. Carpenter KLH, Li W, Wei H, et al. Magnetic susceptibility of brain iron is associated with childhood spatial IQ.
Neuroimage. 2016;132:167-174. doi:10.1016/j.neuroimage.2016.02.028

20. Basu S, Kumar D, Anupurba S, Verma A, Kumar A. Effect of maternal iron deficiency anemia on fetal neural
development. J Perinatol. 2018;38(3):233-239. doi:10.1038/s41372-017-0023-5

21. Monk C, Georgieff MK, Xu D, et al. Maternal prenatal iron status and tissue organization in the neonatal brain.
Pediatr Res. 2016;79(3):482-488. doi:10.1038/pr.2015.248

22. Zar HJ, Barnett W, Myer L, Stein DJ, Nicol MP. Investigating the early-life determinants of illness in Africa: the
Drakenstein Child Health Study. Thorax. 2015;70(6):592-594. doi:10.1136/thoraxjnl-2014-206242

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 12/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://dx.doi.org/10.1016/S0140-6736(11)60555-2
https://dx.doi.org/10.1016/S0140-6736(10)62304-5
https://dx.doi.org/10.2471/BLT.20.280180
https://dx.doi.org/10.1038/s41591-021-01498-0
https://dx.doi.org/10.1016/S2214-109X(13)70001-9
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.47046&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772
https://dx.doi.org/10.3390/nu12020447
https://dx.doi.org/10.1371/journal.pmed.1002920
https://dx.doi.org/10.3389/fnhum.2013.00585
https://dx.doi.org/10.1038/s41430-019-0400-6
https://dx.doi.org/10.1038/s41430-019-0400-6
https://dx.doi.org/10.3945/ajcn.110.002220
https://dx.doi.org/10.1016/S2214-109X(13)70046-9
https://dx.doi.org/10.1016/S0140-6736(16)31389-7
https://dx.doi.org/10.3389/fnhum.2013.00445
https://dx.doi.org/10.1016/j.earlhumdev.2017.01.001
https://dx.doi.org/10.1016/j.earlhumdev.2017.01.001
https://dx.doi.org/10.1007/s00330-021-08516-2
https://dx.doi.org/10.1007/s00330-021-08516-2
https://dx.doi.org/10.1016/j.neuroimage.2016.02.028
https://dx.doi.org/10.1038/s41372-017-0023-5
https://dx.doi.org/10.1038/pr.2015.248
https://dx.doi.org/10.1136/thoraxjnl-2014-206242


23. Stein DJ, Koen N, Donald KA, et al. Investigating the psychosocial determinants of child health in Africa: The
Drakenstein Child Health Study. J Neurosci Methods. 2015;252:27-35. doi:10.1016/j.jneumeth.2015.03.016

24. Zar HJ, Pellowski JA, Cohen S, et al. Maternal health and birth outcomes in a South African birth cohort study.
PLoS One. 2019;14(11):e0222399. doi:10.1371/journal.pone.0222399

25. Wedderburn CJ, Groenewold NA, Roos A, et al. Early structural brain development in infants exposed to HIV
and antiretroviral therapy in utero in a South African birth cohort. J Int AIDS Soc. 2022;25(1):e25863. doi:10.1002/
jia2.25863

26. Donald KA, Fouche JP, Roos A, et al. Alcohol exposure in utero is associated with decreased gray matter
volume in neonates. Metab Brain Dis. 2016;31(1):81-91. doi:10.1007/s11011-015-9771-0

27. Wedderburn CJ, Subramoney S, Yeung S, et al. Neuroimaging young children and associations with
neurocognitive development in a South African birth cohort study. Neuroimage. 2020;219:116846. doi:10.1016/j.
neuroimage.2020.116846

28. WHO. WHO Child Growth Standards: Length/Height-for-Age, Weight-for-Age, Weight-for-Length, Weight-for-
Height and Body Mass Index-for-Age: Methods and Development. World Health Organization; 2006.

29. World Health Organization. Haemoglobin Concentrations for the Diagnosis of Anaemia and Assessment of
Severity. World Health Organization; 2011.

30. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: automated labeling of neuroanatomical structures
in the human brain. Neuron. 2002;33(3):341-355. doi:10.1016/S0896-6273(02)00569-X

31. Fischl B, van der Kouwe A, Destrieux C, et al. Automatically parcellating the human cerebral cortex. Cereb
Cortex. 2004;14(1):11-22. doi:10.1093/cercor/bhg087

32. Biffen SC, Warton CMR, Dodge NC, et al. Validity of automated FreeSurfer segmentation compared to manual
tracing in detecting prenatal alcohol exposure-related subcortical and corpus callosal alterations in 9- to 11-year-old
children. Neuroimage Clin. 2020;28:102368. doi:10.1016/j.nicl.2020.102368

33. Mortamais M, Pujol J, Martínez-Vilavella G, et al. Effects of prenatal exposure to particulate matter air pollution
on corpus callosum and behavioral problems in children. Environ Res. 2019;178:108734. doi:10.1016/j.envres.
2019.108734

34. Hyatt CS, Owens MM, Crowe ML, Carter NT, Lynam DR, Miller JD. The quandary of covarying: a brief review
and empirical examination of covariate use in structural neuroimaging studies on psychological variables.
Neuroimage. 2020;205:116225. doi:10.1016/j.neuroimage.2019.116225

35. Malone IB, Leung KK, Clegg S, et al. Accurate automatic estimation of total intracranial volume: a nuisance
variable with less nuisance. Neuroimage. 2015;104:366-372. doi:10.1016/j.neuroimage.2014.09.034

36. Giedd JN, Rapoport JL. Structural MRI of pediatric brain development: what have we learned and where are
we going? Neuron. 2010;67(5):728-734. doi:10.1016/j.neuron.2010.08.040

37. Georgieff MK. Iron deficiency in pregnancy. Am J Obstet Gynecol. 2020;223(4):516-524. doi:10.1016/j.ajog.
2020.03.006

38. Camaschella C. New insights into iron deficiency and iron deficiency anemia. Blood Rev. 2017;31(4):225-233.
doi:10.1016/j.blre.2017.02.004

39. Camaschella C. Iron deficiency. Blood. 2019;133(1):30-39. doi:10.1182/blood-2018-05-815944

40. Georgieff MK, Ramel SE, Cusick SE. Nutritional influences on brain development. Acta Paediatr. 2018;107(8):
1310-1321. doi:10.1111/apa.14287

41. Gilmore JH, Knickmeyer RC, Gao W. Imaging structural and functional brain development in early childhood.
Nat Rev Neurosci. 2018;19(3):123-137. doi:10.1038/nrn.2018.1

42. Subramoney S, Joshi SH, Wedderburn CJ, et al. The impact of prenatal alcohol exposure on gray matter
volume and cortical surface area of 2 to 3-year-old children in a South African birth cohort. Alcohol Clin Exp Res.
2022;46(7):1233-1247. doi:10.1111/acer.14873

43. Burgaleta M, MacDonald PA, Martínez K, et al. Subcortical regional morphology correlates with fluid and
spatial intelligence. Hum Brain Mapp. 2014;35(5):1957-1968. doi:10.1002/hbm.22305

44. MacDonald PA, Ganjavi H, Collins DL, Evans AC, Karama S. Investigating the relation between striatal volume
and IQ. Brain Imaging Behav. 2014;8(1):52-59. doi:10.1007/s11682-013-9242-3

45. Deoni SC, O’Muircheartaigh J, Elison JT, et al. White matter maturation profiles through early childhood
predict general cognitive ability. Brain Struct Funct. 2016;221(2):1189-1203. doi:10.1007/s00429-014-0947-x

46. Inkelis SM, Moore EM, Bischoff-Grethe A, Riley EP. Neurodevelopment in adolescents and adults with fetal
alcohol spectrum disorders (FASD): a magnetic resonance region of interest analysis. Brain Res. 2020;1732:
146654. doi:10.1016/j.brainres.2020.146654

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 13/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://dx.doi.org/10.1016/j.jneumeth.2015.03.016
https://dx.doi.org/10.1371/journal.pone.0222399
https://dx.doi.org/10.1002/jia2.25863
https://dx.doi.org/10.1002/jia2.25863
https://dx.doi.org/10.1007/s11011-015-9771-0
https://dx.doi.org/10.1016/j.neuroimage.2020.116846
https://dx.doi.org/10.1016/j.neuroimage.2020.116846
https://dx.doi.org/10.1016/S0896-6273(02)00569-X
https://dx.doi.org/10.1093/cercor/bhg087
https://dx.doi.org/10.1016/j.nicl.2020.102368
https://dx.doi.org/10.1016/j.envres.2019.108734
https://dx.doi.org/10.1016/j.envres.2019.108734
https://dx.doi.org/10.1016/j.neuroimage.2019.116225
https://dx.doi.org/10.1016/j.neuroimage.2014.09.034
https://dx.doi.org/10.1016/j.neuron.2010.08.040
https://dx.doi.org/10.1016/j.ajog.2020.03.006
https://dx.doi.org/10.1016/j.ajog.2020.03.006
https://dx.doi.org/10.1016/j.blre.2017.02.004
https://dx.doi.org/10.1182/blood-2018-05-815944
https://dx.doi.org/10.1111/apa.14287
https://dx.doi.org/10.1038/nrn.2018.1
https://dx.doi.org/10.1111/acer.14873
https://dx.doi.org/10.1002/hbm.22305
https://dx.doi.org/10.1007/s11682-013-9242-3
https://dx.doi.org/10.1007/s00429-014-0947-x
https://dx.doi.org/10.1016/j.brainres.2020.146654


47. Wozniak JR, Muetzel RL. What does diffusion tensor imaging reveal about the brain and cognition in fetal
alcohol spectrum disorders? Neuropsychol Rev. 2011;21(2):133-147. doi:10.1007/s11065-011-9162-1

48. Mangum RW, Miller JS, Brown WS, Nolty AAT, Paul LK. Everyday executive function and self-awareness in
agenesis of the corpus callosum. J Int Neuropsychol Soc. 2021;27(10):1037-1047. doi:10.1017/S1355617721000096

49. Lozoff B. Iron deficiency and child development. Food Nutr Bull. 2007;28(4)(suppl):S560-S571. doi:10.1177/
15648265070284S409

50. Lozoff B, Jimenez E, Hagen J, Mollen E, Wolf AW. Poorer behavioral and developmental outcome more than
10 years after treatment for iron deficiency in infancy. Pediatrics. 2000;105(4):E51. doi:10.1542/peds.105.4.e51

51. Khedr E, Hamed SA, Elbeih E, El-Shereef H, Ahmad Y, Ahmed S. Iron states and cognitive abilities in young
adults: neuropsychological and neurophysiological assessment. Eur Arch Psychiatry Clin Neurosci. 2008;258(8):
489-496. doi:10.1007/s00406-008-0822-y

52. Cappellini MD, Musallam KM, Taher AT. Iron deficiency anaemia revisited. J Intern Med. 2020;287(2):153-170.
doi:10.1111/joim.13004

53. Alwan NA, Hamamy H. Maternal iron status in pregnancy and long-term health outcomes in the offspring.
J Pediatr Genet. 2015;4(2):111-123. doi:10.1055/s-0035-1556742

54. Cappellini MD, Comin-Colet J, de Francisco A, et al; IRON CORE Group. Iron deficiency across chronic
inflammatory conditions: international expert opinion on definition, diagnosis, and management. Am J Hematol.
2017;92(10):1068-1078. doi:10.1002/ajh.24820

55. Muñoz M, Gómez-Ramírez S, Besser M, et al. Current misconceptions in diagnosis and management of iron
deficiency. Blood Transfus. 2017;15(5):422-437.

56. Youdim M, Yehuda S. The neurochemical basis of cognitive deficits induced by brain iron deficiency:
involvement of dopamine-opiate system. Cell Mol Biol (Noisy-le-grand). 2000;46(3):491-500.

57. Carlson ES, Stead JD, Neal CR, Petryk A, Georgieff MK. Perinatal iron deficiency results in altered
developmental expression of genes mediating energy metabolism and neuronal morphogenesis in hippocampus.
Hippocampus. 2007;17(8):679-691. doi:10.1002/hipo.20307

58. Parvez H, Riederer P. Acute and chronic effects of developmental iron deficiency on mRNA expression
patterns in the brain. In: Clardy S, Wang X, Zhao W, et al. Oxidative Stress and Neuroprotection. Springer; 2006:
173-196. doi:10.1007/978-3-211-33328-0_19

59. Tran PV, Kennedy BC, Pisansky MT, et al. Prenatal choline supplementation diminishes early-life iron
deficiency–induced reprogramming of molecular networks associated with behavioral abnormalities in the adult
rat hippocampus. J Nutr. 2016;146(3):484-493. doi:10.3945/jn.115.227561

60. Ortiz E, Pasquini JM, Thompson K, et al. Effect of manipulation of iron storage, transport, or availability on
myelin composition and brain iron content in three different animal models. J Neurosci Res. 2004;77(5):681-689.
doi:10.1002/jnr.20207

61. Peña-Rosas JP, Viteri FE. Effects and safety of preventive oral iron or iron+folic acid supplementation for
women during pregnancy. Cochrane Database Syst Rev. 2009;(4):CD004736. doi:10.1002/14651858.
CD004736.pub3

62. Stoltzfus RJ. Iron interventions for women and children in low-income countries. J Nutr. 2011;141(4):
756S-762S. doi:10.3945/jn.110.128793

63. Murray-Kolb LE, Khatry SK, Katz J, et al. Preschool micronutrient supplementation effects on intellectual and
motor function in school-aged Nepalese children. Arch Pediatr Adolesc Med. 2012;166(5):404-410. doi:10.1001/
archpediatrics.2012.37

SUPPLEMENT 1.
eAppendix. Neuroimaging Protocol and MRI Sequence Specification
eTable 1. Child Brain Volumes Stratified by Maternal Anemia Severity
eTable 2. Classification of Child Anemia by Age
eTable 3. Sociodemographic Characteristics of Children With and Without Anemia
eTable 4. Sociodemographic Characteristics of Children With and Without Hemoglobin Measurements
eTable 5. Adjusted Mean Differences in Brain Volumes According to Child Anemia
eTable 6. Number of Children With Both Maternal Antenatal and Child Hemoglobin Measurements
eTable 7. Structural Equation Models
eFigure 1. Drakenstein Child Health Study Flowchart

SUPPLEMENT 2.
Data Sharing Statement

JAMA Network Open | Imaging Maternal and Child Anemia and Brain Structure in Early Life in South Africa

JAMA Network Open. 2022;5(12):e2244772. doi:10.1001/jamanetworkopen.2022.44772 (Reprinted) December 2, 2022 14/14

Downloaded From: https://jamanetwork.com/ on 01/04/2023

https://dx.doi.org/10.1007/s11065-011-9162-1
https://dx.doi.org/10.1017/S1355617721000096
https://dx.doi.org/10.1177/15648265070284S409
https://dx.doi.org/10.1177/15648265070284S409
https://dx.doi.org/10.1542/peds.105.4.e51
https://dx.doi.org/10.1007/s00406-008-0822-y
https://dx.doi.org/10.1111/joim.13004
https://dx.doi.org/10.1055/s-0035-1556742
https://dx.doi.org/10.1002/ajh.24820
https://www.ncbi.nlm.nih.gov/pubmed/28880842
https://dx.doi.org/10.1002/hipo.20307
https://dx.doi.org/10.1007/978-3-211-33328-0_19
https://dx.doi.org/10.3945/jn.115.227561
https://dx.doi.org/10.1002/jnr.20207
https://dx.doi.org/10.1002/14651858.CD004736.pub3
https://dx.doi.org/10.1002/14651858.CD004736.pub3
https://dx.doi.org/10.3945/jn.110.128793
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpediatrics.2012.37&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpediatrics.2012.37&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.44772

