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Abstract

Background: Previous trials of iron supplementation in infancy did not consider maternal iron supplementation.
Objective: This study assessed effects of iron supplementation in infancy and/or pregnancy on infant iron status,
illnesses, and growth at 9 mo.

Methods: Enrollment occurred from December 2009 to June 2012 in Hebei, China. Infants born to women in a pregnancy
iron supplementation trial were randomly assigned 1:1 to iron [~1 mg Fe/(kg - d) as oral iron proteinsuccynilate] or placebo
from 6 wk to 9 mo, excluding infants with cord ferritin <35 wg/L. Study groups were pregnancy placebo/infancy placebo
(placebo/placebo), pregnancy placebo/infancy iron (placebo/iron), pregnancy iron/infancy placebo (iron/placebo), and
pregnancy iron/infancy iron (iron/iron). The primary outcome was 9-mo iron status: iron deficiency (ID) by cutoff (=2
abnormal iron measures) or body iron <0 mg/kg and ID + anemia (hemoglobin <110 g/L). Secondary outcomes were
doctor visits or hospitalizations and weight or length gain from birth to 9 mo. Statistical analysis by intention to treat and
dose-response (between number of iron bottles received and outcome) used logistic regression with concomitant RRs
and general linear models, with covariate control as applicable.

Results: Of 1482 infants randomly allocated, 1276 had 9-mo data (n = 312-327/group). Iron supplementation in infancy,
but not pregnancy, reduced ID risk: RRs (95% Cls) were 0.89 (0.79, 0.998) for placebo/iron compared to placebo/placebo,
0.79 (0.63, 0.98) for placebo/iron compared to iron/placebo, 0.87 (0.77, 0.98) for iron/iron compared to placebo/placebo,
and 0.86 (0.77, 0.97) for iron/iron compared to iron/placebo. However, >60% of infants still had ID at 9 mo. Receiving more
bottles of iron in infancy was associated with better infant iron status at 9 mo but only among iron-supplemented infants
whose mothers were also iron supplemented (i.e., the iron/iron group). There were no group differences in hospitalizations
or illnesses and no adverse effects on growth overall or among infants who were iron sufficient at birth.

Conclusions: Iron supplementation in Chinese infants reduced ID at 9 mo without adverse effects on growth or illness.
Effects of iron supplementation in pregnancy were observed only when higher amounts of iron were distributed in
infancy. This trial was registered at clinicaltrials.gov as NCT00613717. J Nutr 2016;146:612-21.
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Introduction

Anemia and iron deficiency (ID)'® in pregnant women and
young children are global public health problems. In 2011, 38%
of pregnant women and 43% of children aged <5 y were anemic,
about half due to ID (1). These percentages mean that 32 million

pregnant women and 273 million young children were affected.
Pregnancy and infancy are peak periods for ID because of high
iron needs to support rapid growth and limited dietary sources
of bioavailable iron. ID is of concern not only as a cause of
anemia; ID during infancy is also associated with poorer
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cognitive, motor, and social-emotional development in the short
and long term (2, 3).

This study was a randomized clinical trial (RCT) of iron
supplementation in infancy that was linked to an RCT of iron
supplementation during pregnancy (4). The project was conducted
in China at a time when iron supplements for pregnant women
and infants were not routinely recommended. The study was
designed to set the stage for research on neurodevelopmental
outcome depending on timing and duration of iron supplemen-
tation. Because iron treatment in infancy has generally not
corrected the cognitive, motor, and social-emotional deficits
observed in iron-deficient infants (2, 3), the study focused on
routine iron supplementation as a preventive approach.

In the pregnancy RCT, iron supplementation significantly
reduced maternal anemia, ID, and iron deficiency anemia (IDA),
but, unexpectedly, more than half of the women were still iron
deficient at or near term, and 45% of neonates had evidence of
fetal-neonatal ID, regardless of maternal iron supplementation
(4). The infancy RCT thus posed an unforeseen question about
the effectiveness of postnatal iron supplementation in improving
iron status later in infancy in a setting where many infants had
poor iron status at birth. Therefore, this initial report of the
linked RCT focuses on infant iron status and adverse effects.

To our knowledge, there is no other study with a similar
design. The closest is a Nepal study that added an RCT of
micronutrient supplementation at 12-36 mo onto one arm of a
prenatal RCT (5). However, iron status effects in numerous
RCTs of iron supplementation in either pregnancy or infancy
have been summarized in meta-analyses or systematic reviews
(6-14). Regarding RCTs of iron supplementation in young
children, a meta-analysis published in the Lancet in 2013 is most
pertinent (9). It focused on children aged 4-23 mo; most studies
included were in low- to middle-income countries and provided
iron supplements for =3 mo. Despite heterogeneity in type and
duration of supplementation and enrollment age, the meta-
analysis found robust effects of iron supplementation on reduc-
ing the risk of anemia, ID, and IDA. However, some individual
studies have observed little response to iron supplementation
or a high prevalence of ID/anemia postsupplementation [e.g.,
Olney et al. (15) and Black et al. (16)]. Although the poor
response may be due to a heavy burden of infectious disease,
such findings also raise questions about the role of poor iron
status before birth and whether earlier iron supplementation
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(i.e., in the first postnatal months or during pregnancy) would
result in better iron status later in infancy. Our study addresses
these questions. We predicted that iron supplementation
beginning in pregnancy and continuing in early infancy
would improve infant iron status at 9 mo more than iron
supplementation in infancy alone.

Despite unresolved challenges in improving iron status in
pregnant women and infants, there is debate about risks of
routine iron supplementation. Concerns about potential adverse
effects relate to infection and growth, especially in iron-sufficient
infants (17, 18). The current study was conducted in a region
where serious infectious diseases and generalized undernutrition
were virtually absent, which makes minor illnesses and growth
the most relevant potential adverse effects. The Lancet meta-
analysis found that children randomly allocated to iron supple-
mentation had slightly lower gains in length and weight and
more vomiting and fever than children randomly allocated
to placebo (9). In light of these findings, other important
outcomes in this initial report of the linked RCTs are illness
and growth.

Methods

Study setting and design. Data were obtained in the course of a study
of neurodevelopmental effects of iron supplementation in early life. The
study, conducted in rural Sanhe County, Hebei Province, China, involved
collaboration between the University of Michigan, Peking University
First Hospital, and Sanhe Maternity and Child Health Care Center.

The study design was a RCT of iron supplementation in infancy that
built on a RCT of iron supplementation in pregnancy (4). Infants whose
mothers were randomly assigned to receive supplemental iron/folate or
placebo/folate in pregnancy were randomly allocated to supplemental
iron or placebo from 6 wk to 9 mo. The linked RCTs resulted in 4 study
groups based on placebo or iron supplementation in pregnancy and
infancy: pregnancy placebo/infancy placebo (placebo/placebo), pregnancy
placebo/infancy iron (placebo/iron), pregnancy iron/infancy placebo
(iron/placebo), and pregnancy iron/infancy iron (iron/iron). Outcomes
were assessed at 9 mo. The University of Michigan and Peking University
First Hospital ethics committees approved the study.

Participants. The pregnancy RCT enrolled women with uncomplicated
singleton pregnancies at 16 wk of gestation, on average. Exclusion
criteria included maternal age <18 y, not living in Sanhe, not mentally
competent, chronic health problem, and hemoglobin <100 g/L or having
taken medicinal iron for any duration (4). Neonates born to participat-
ing mothers were enrolled between December 2009 and June 2012. All
live births were included, except 87 infants with cord-blood serum
ferritin (SF) <35 pg/L (Figure 1). They were excluded to prevent ran-
domly allocating infants with iron stores indicating brain ID (19) to
placebo; they received supplemental iron. Perinatal conditions that may
interfere with fetal iron status or behavior/development were uncommon
(4). Enrollment totaled 1482 infants.

Enrollment and informed consent. Women in the pregnancy RCT
received information about the infancy study at routine prenatal visits.
Sanhe Maternity and Child Health Care Center staff provided further
information after delivery, answered questions, and obtained signed
informed consent from those agreeing to participate.

Randomization and masking. Participants were assigned a unique 4-
digit identification number (same for mother and infant). Infants were
randomly allocated (1:1 ratio) to iron or placebo using SAS Proc
Surveyselect (SAS Institute). Each identification number was assigned
according to a random number chart prepared by a University of
Michigan statistician (NK) who had no contact with participants or study
personnel in China. The supplementation code was not broken until the
study and primary analyses were completed. Lee’s Pharmaceutical
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Pregnancy RCT
Enrolled, n= 2371

Iron
n=1185

Care at other center (331)
Medical condition (21)
Miscarriage/stillbirth (6)

Placebo
n=1186

Care at other center (335)
Medical condition (18)
Miscarriage/stillbirth (10)

Withdrawn (13) Withdrawn (7)
Induced (5) H 1| Induced (6)
Elective abortion (1) Unknown (1)

Miscommunication about
birth of study infant (26)
Cord ferritin < 35 pg/L (48)

Miscommunication about
birth of study infant (22)
Cord ferritin < 35 pg/L (39)

Infancy RCT
Enrolled, n=730

Infancy RCT
Enrolled, n=752

Placebo Iron Placebo Iron

n=367 n=363 n=369 n=383
Refused (38) Refused (19) Refused (24) Refused (22)
Out of town (5) Out of town (9) Out of town (12) Out of town (12)
Lost contact (3) Lost contact (3) Lost contact (3) Lost contact (7)
Infantsick (7) || Infantsick (5) | H Infantsick (7) | [ Infantsick (8)
Infant upset (1) Infantupset (1) Infant upset (4) Infant upset (4)
Infant death (0) Infantdeath (2) Infant death (1) Infantdeath (1)
Other/unknown (1)| | |Other/unknown (3 Other/unknown (2; Other/unknown (2)

Tested at 9 mo
n =327

Tested at 9 mo
n=316

Tested at 9 mo
n=321

Tested at 9 mo
n=312

FIGURE 1 Flowchart of participants in an RCT in rural China, 2009—
2012, by maternal randomization to placebo or iron (300 mg ferrous
sulfate/d) and infant randomization to placebo or iron [~1 mg Fe/(kg - d)
as oral iron proteinsuccynilate], resulting in 4 study groups: placebo in
pregnancy/placebo in infancy, placebo in pregnancy/iron in infancy,
iron in pregnancy/placebo in infancy, and iron in pregnancy/iron in
infancy. RCT, randomized clinical trial.

Holdings Limited prepared liquid iron or placebo in identical dark-
colored bottles with a dropper marked with the appropriate volume. To
help maintain masking, all families were informed that supplements
might alter stool color and/or consistency. Study participants, personnel,
and investigators were unaware of group assignment in either RCT. The
only personal identifying information used in data analysis was birth
date (needed to calculate exact age at assessments).

Intervention. In the pregnancy RCT, women were randomly assigned to
daily iron (300 mg ferrous sulfate) or placebo + 0.40 mg folate from
enrollment to delivery (4). In the infancy RCT, infants were randomly
assigned to a single daily dose of ~1 mg Fe/(kg - d) of elemental iron as
iron proteinsuccinylate oral solution (Ferplex, Italfarmico, S.p.A.,
Milan, Italy) from 6 wk to 9 mo or an equal volume of carrier alone.
Each milliliter of Ferplex contained 2.7 mg elemental iron. To simplify
dosing, the volume was 2 mL/d for infants aged <6 mo and 3 mL/d for
infants aged =6 mo. Supplementation was not started until 6 wk due to
concern about immune compromise in neonates. Families were initially
provided with 1 box of supplement (ten 15-mL bottles/box) and
instructed to return for more as needed and bring back unused or
expired bottles. Staff recorded the number of boxes distributed and
bottles returned. Each box provided enough daily supplements for ~10 wk
for infants aged <6 mo and 5 wk for infants aged =6 mo. We intended to
monitor adherence by having parents mark a calendar each day they gave
supplement, but only 126 calendars were returned with usable data.
Therefore, we estimated adherence by the number of bottles received,
calculated as bottles distributed minus bottles returned. Infants with IDA
at 9 mo were prescribed therapeutic doses of iron per local practice.

Study outcomes. The primary outcome was infant iron status (ID and
IDA) at 9 mo. Secondary outcomes were illnesses and weight/length gain
from birth to 9 mo. All blood samples were collected for research
purposes. Cord-blood samples were obtained in the pregnancy RCT by
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sterile needle puncture immediately after cord clamping, which generally
occurred within 60 s of delivery. Finger stick samples (~1.0 mL) at 9 mo
were obtained by trained staff members using contact-activated lancets
(BD Microtainer) and techniques to facilitate free blood flow, such as
warming and gravity. A complete blood count, including hemoglobin
and mean corpuscular volume, was performed by using a Sysmex KX-21N
Auto Hematology Analyzer (SYSMEX Corporation). In Sanhe, whole
blood for zinc protoporphyrin (ZPP)/heme was stored at 4°C and
protected from light; serum for other iron measures was stored at
—20°C. Samples were transferred weekly to Peking University First
Hospital where ZPP/heme was analyzed by using a hematofluorometer
(AVIV Biomedical), SF and serum transferrin receptor (sTfR) by
chemiluminescent immunoassay (Beckman Coulter Access 2 Immuno-
assay System; Beckman Coulter), and serum C-reactive protein by rate
nephelometry (Hitachi 7600; Hitachi). Both laboratories maintained
standard quality control procedures.

We defined anemia at 9 mo per WHO guidelines as hemoglobin <110 g/L
(1). ID was defined in 2 ways: =2 abnormal iron measures by cutoff (20)
[mean corpuscular volume <74 fL (21), ZPP/heme >69 pmol heme/mol
(22), SF <12 ng/L (23)] or body iron (BI) <0 mg/kg, calculated from SF
and sTfR (4, 24-27). IDA was defined as anemia plus ID. Fetal-neonatal
ID, drawn from the pregnancy RCT, was defined as cord SF <75 ug/L or
ZPP/heme >118 wmol heme/mol (4, 28-31).

Infant weight, length, and head circumference were measured by
trained obstetrical staff at birth and pediatric staff at 9 mo. On the basis
of parental report, project staff recorded reasons for hospitalizations and
doctor visits between birth and 9 mo.

Sample size. The targeted n was 500/group (total = 2000). The
pregnancy RCT did not reach this target due to budgetary constraints
and higher than expected attrition. The actual number of neonates
enrolled was 363-383/group, with 9-mo outcome data of 305-318/
group for iron status, 312-327/group for anthropometric measurements,
and 350-368/group for doctor visits and hospitalizations. Using 7 values
for iron status/anthropometry and a = 0.05, we had 80% power to detect
a 16% or larger reduction in ID/IDA at 9 mo (RR = 0.84) and 0.23-SD
differences in weight/length gain across groups. The 0.23-SD difference
also applied to group differences in other continuous variables.

Statistical analysis. The primary analysis was based on intention to
treat. Logistic regression models were used to test for group differences in
categorical background characteristics and iron status outcomes. Where
pairwise differences were significant, we calculated RR. General linear
models with pairwise comparisons were used to test for group differences
in continuous background characteristics and individual iron and anthro-
pometric measurements. Differences in adverse events were compared
with logistic regression, controlling for number of doctor visits to adjust
for multiple illnesses in the same child. Subgroup analyses used similar
statistical models and x*/Fisher’s exact tests to consider differential effects
depending on iron status at birth. In addition, we used general linear
models or logistic regression to analyze dose-response relations within
infancy RCT iron-supplemented groups (i.e., between number of bottles of
iron received and infant outcomes at 9 mo). Because the number of bottles
received corresponded closely to the number of boxes distributed, we
categorized the number of bottles relative to the 40 bottles planned as very
low (=10), low (11-20), or medium (>20). For dose-response analysis, we
evaluated potential confounding factors and considered any that were
significantly or marginally related to both independent and dependent
variables. Statistical significance was set at P < 0.05.

Descriptive data are expressed as means * SDs and 7 and/or %.
Results for group comparisons of outcomes are expressed as means (95%
ClIs) for continuous variables and RR (95% CI) for categorical ones.

Results

A total of 2371 women were enrolled in the pregnancy RCT:
1186 placebo and 1185 iron supplemented. A total of 1482
infants were enrolled in the infancy RCT: 730 born to mothers
in the placebo group and 752 born to mothers in the
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iron-supplemented group. As previously reported (4), attri-
tion in the pregnancy RCT groups was similar in proportion
and reason, mostly due to delivery at a nonparticipating
health center (Figure 1). There were 2 additional reasons for
attrition before infant enrollment. In 48 instances, there was
miscommunication (e.g., infancy RCT staff was not notified
when a mother in the pregnancy RCT had given birth). Another
87 infants with cord-blood SF <35 pg/L were excluded per
protocol. All other infants were randomly assigned to placebo or
iron supplement, resulting in 4 study groups approximately equal
in number (Figure 1).

A total of 1276 infants were assessed at 9 mo. The number of
infants per group was 312 placebo/placebo, 321 placebo/iron,
316 iron/placebo, and 327 iron/iron (Figure 1). Attrition (206/
1482, 13.9%) affected the groups similarly in proportion and
reason. The most common reasons were refusal (103/206,
50.0%), family out of town or not reached (54/206, 26.2%),
and infant sick at the scheduled assessment or too tired/upset for
testing (37/206, 18.0%).

Background/baseline characteristics

The tables show information by group for infants with data
at 9 mo. With sole exception of head circumference at birth,
there were no statistically significant overall group differences in
background characteristics (Table 1). Slightly more than half the
infants were male. More than three-fourths were first-born, all
but a few born at term (37-41 wk). Birth by cesarean section was
common, as is customary in China. Birth weight was 3.36 *
0.37 kg. Around one-third of mothers completed high school,
and most families had household income below the county
cutoff for public assistance in housing (32). Age at assessment
after supplementation in the infancy RCT was 9.3 = 0.4 mo.
More than 80% of infants were still breastfeeding, with >50%
receiving breast milk as the sole milk source. Solids were
introduced to ~20% of infants by 4 mo and ~75% by 6 mo;
small amounts of egg yolk or rice porridge were common first

solids. Regarding differences in head circumference at birth,
group contrasts showed smaller head circumference in iron/
placebo compared with iron/iron and placebo/placebo groups;
absolute differences were only 0.3 cm. There was no indication
of worrisome bias due to attrition. The only significant differ-
ences were that infants with 9-mo outcome data were born with
a mean gestational age 1.2 d higher than that of infants without
data (P = 0.04), and more were born by cesarean section (68.5%
compared with 59.4%, P = 0.01).

Supplement distributed and adverse events

Information on number of supplement bottles distributed/
returned was available for 962 infants. For the remaining 314
infants, project staff were confident that 1 box was distributed
at 6 wk per protocol but simply not recorded. We therefore
used this value in further analyses. There were no group
differences in number of bottles received (Table 1) (overall:
13.1 = 6.2 bottles). This was far below the 40 bottles of
supplement needed to cover the entire planned supplementa-
tion period. Returned bottles were recorded for only 45 infants.
Thus, number of bottles received corresponded closely to
number of boxes. Most families (945/1276, 74.1%) did not
request additional boxes beyond the initial one; 254/1276
(19.9%) requested 1 additional box (total 20 bottles), and 77/1276
(6.0%) requested >2 boxes. Only 15/1276 (1.2%) received =40
bottles as planned. The few available calendars indicated
that many families did not give supplements daily, with a
wide range between first and last dose regardless of number of
bottles received. The age at last dose was 5.6 = 2.5 mo (<6 mo
for >50%). If these data can be extrapolated to the full
sample, more than half of the infants received supplements only
before 6 mo.

Some parent report data on hospitalizations and doctor visits
were available for 96.7% of infants enrolled (1433/1482);
information through to 9 mo was available for 73.6% (939/
1276). There no statistically significant group differences in

TABLE 1 Infant and family characteristics by group in the combined pregnancy and infancy RCT'
Group Placebo/placebo (PP)  Placebofiron (P1) Iron/placebo (IP)  Ironfiron (I} ~ Pvalue? Significant contrasts®
n 312 316 327

Infant characteristics

Male, n/total n (%) 165/311 (53.1)

150/321 (46.7)

162/316 (51.3) 171/327 (52.3) 0.38

Birth weight, g 3375 = 375 3366 + 383 3328 = 379 3373 *+ 353 0.35
Gestational age, wk 397 =11 397 =11 397 =11 396 = 1.1 0.70
Birth length, cm 498 = 14 496 = 1.4 497 £ 15 496 =15 0.12 Il < PP
Head circumference, cm 342 +12 341 +12 339+13 342 +13 0.03 [P <PP Il
First born, n/total n (%) 233/305 (76.4) 246/313 (78.6) 254/310 (81.9) 247/321 (77.0) 0.32
Birth by cesarean section, n/total n (%) 213/308 (69.2) 198/315 (62.9) 228/314 (72.6) 226/325 (69.5) 0.06 PI<IP
Age at 9-mo testing, mo 9.29 = 042 9.27 = 0.46 934 + 0.57 9.27 = 0.46 0.18 <P
Breastfed at 9 mo,* n/total n (%) 189/226 (83.6) 197/244 (80.7) 190/236 (80.5) 212/247 (85.8) 0.34

Family characteristics
Maternal age, y 242 = 36 246 + 3.6 245 + 36 250 =40 0.09 PP <l
Maternal education, =high school, n/total n (%) 96/309 (31.1) 117/314 (37.3) 105/314 (33.4) 104/322 (32.3) 0.39
Net family income =50,000 yuan/y.® n/total n (%) 262/306 (85.6) 259/315 (82.2) 251/306 (82.0) 270/316 (85.4) 0.45

Supplement bottles received, n 127 £ 5.7 134 =57 131 £ 6.6 133 =68 0.59

' Values are means + SDs for continuous variables and n/total n (%) for categorical ones. Numbers (n) vary slightly due to missing data. Il, iron in pregnancy/iron in infancy; IP, iron
in pregnancy/placebo in infancy; Pl, placebo in pregnancy/iron in infancy; PP, placebo in pregnancy/placebo in infancy; RCT, randomized clinical trial.
2 Based on general linear models for continuous variables and logistic regression for categorical variables.

3 Statistically significant pairwise comparison(s) between groups, P < 0.05.

4 Breast milk as the sole source of milk or any breast milk in addition to formula or another source of milk. Feeding data, collected by questionnaire, were available for ~75% of the

sample.

5 Family income level for Sanhe County that qualified for public assistance in housing (32).
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hospitalizations or doctor visits (data not shown). There were
only 3-7 hospitalizations/group for any reason between birth
and 9 mo. Many infants had doctor visits for upper respiratory
symptoms (41-47%/group); a visit for pneumonia was reported
in 3-5%/group. Doctor visits for gastrointestinal symptoms
were reported in 16-21%/group.

Impact of iron supplementation on infant iron status. The
impact of iron supplementation on infant iron status at birth is
summarized in Table 2. As expected, the groups differed in
maternal ID at or near term. As previously reported (4),
maternal iron supplementation reduced the prevalence of
ID, but many women still had ID (BI <0 mg/kg in 41% of

TABLE 2 Fetal iron status indicators and infant iron status at the 9-mo assessment by group in the combined pregnancy and infancy RCT'

Significant
Placebo/placebo (PP)  Placebo/iron (PI) Iron/placebo (IP) Iron/iron (I1) Pvalue? contrasts® RR (95% Cl)
n 305 31 305 318
Fetal iron status indicators
Maternal ID,* n/total n (%) 183/300 (61.0) 205/309 (66.3) 121/297 (40.7) 129/310 (41.6) <0.01 I <Pl 0.63 (0.53, 0.73)
Il < PP 0.68 (0.58, 0.80)
IP <Pl 0.61 (0,52, 0.72)
IP<PP  067(057, 0.79)
ID at birth, n/total n (%) 123/300 (41.0) 131/310 (42.3) 131/301 (43.5) 132/313 (42.2) 0.94
Iron measures: birth and 9 mo
Hb, g/L
Birth 149 (147, 151) 153 (151, 155) 151 (149, 153) 154 (152, 155) <0.01 P PP <l
PP < PI
9 mo 111 (110, 112) 113 (112, 114) 111 (110, 113) 113 (111, 114) 0.15
MCV, fL
Birth 103 (102, 103) 102 (102, 103) 102 (102, 103) 102 (102, 103) 0.54
9 mo 68.9 (68.5, 69.4) 69.1 (68.7, 69.6) 69.1 (68.6, 69.5) 68.8 (68.3, 69.2) 0.62
SF. pg/L
Birth 113 (107, 121) 114 (107, 121) 116 (109, 123) 113 (106, 120) 0.96
9 mo 11.2(10.1,12.4) 122 (11.1,13.5) 11.5(10.4, 12.8) 11.7 (10.6, 13.0) 0.65
ZPP/H, umol/mol heme
Birth 97.8(94.2, 101.5) 95.8 (92.4, 99.4) 95.0 (91.5, 98.6) 94.3(90.9, 97.8) 0.55
9 mo 80.6 (76.1, 85.3) 70.8 (67.0, 74.9) 75.7 (71.6, 80.2) 72.6 (68.6, 76.7) <0.01 Pl Il < PP
sTfR, nmol/L
Birth 31.0(29.9, 32.1) 295 (28.5, 30.5) 29.9(28.9, 30.9) 29.9 (28.9, 30.9) 0.21 Pl < PP
9 mo 24.0 (23.1, 24.9) 23.8(23.0, 24.7) 23.1(22.3, 24.0) 246 (23.7, 25.5) 0.13 P <
Bl, mg/kg
Birth 7.31(7.05, 7.58) 7.42 (7.16, 7.67) 7.40 (7.14, 7.66) 7.41 (7.15, 7.66) 0.95
9 mo —0.09 (-053,035  0.27(-0.17,0.71) 0.16 (—0.28, 0.61) 0.00 (—0.43, 0.44) 0.68
9-mo iron status outcomes
Anemia, Hb <110 g/L, n/total n (%) 138/305 (45.3) 108/311 (34.7) 121/305 (39.7) 125/318 (39.3) 0.07 Pl < PP  0.77(0.63, 0.93)
ID.% n/total n (%)
Cutoff (=2 abnormal iron measures) 208/305 (68.2) 188/311 (60.5) 210/305 (68.9) 189/318 (59.4) 0.02 Pl < PP  0.89(0.79, 1.00)
Pl < IP 0.79 (0.63, 0.98)
Il < PP 0.87 (0.77, 0.98)
II<IP 0.86 (0.77, 0.97)
Bl <0 mg/kg 137/305 (44.9) 135/311 (43.4) 141/305 (46.2) 147/318 (46.2) 0.88
IDAS n/total n (%)
Hb <110 g/L + ID by cutoff 117/305 (38.4) 87/311 (28.0) 101/305 (33.1) 106/318 (33.3) 0.06 PI<PP  0.73(0.58, 0.92)
Hb <110 g/L + ID by BI 90/305 (29.5) 70/311 (22.5) 83/305 (27.2) 92/318 (28.9) 0.18 Pl < PP  0.76(0.58, 1.00)
Serum CRP, mg/L 0.11(0.099, 0.14) 0.15(0.12, 0.18) 0.09 (0.08, 0.12) 0.14 (0.11, 0.17) 0.02 IP<PlLI

" Values are means (95% Cls) for continuous variables and n/total n (%) for categorical ones. Numbers (n) vary slightly due to missing data. Bl, body iron; CRP, C-reactive protein;
fL, femtoliters; Hb, hemoglobin; ID, iron deficiency; IDA, iron deficiency anemia; I, iron in pregnancy/iron in infancy; IP, iron in pregnancy/placebo in infancy; MCV, mean
corpuscular volume; PI, placebo in pregnancy/iron in infancy; PP, placebo in pregnancy/placebo in infancy; RCT, randomized clinical trial; SF, serum ferritin; sTfR, serum transferrin
receptor; ZPP/H, zinc protoporphyrin/heme.

2 Based on general linear models or logistic regression. ZPP/H, SF, sTfR, and CRP (cord blood and 9 mo) were log-transformed to normalize the distribution. Geometric means are
shown. Higher values of ZPP/H and sTfR indicate poorer iron status.

3 Statistically significant pairwise comparison(s) between groups, P < 0.05.

4 Maternal ID defined as Bl <0 mg/kg. Bl for mothers and infants was calculated by using SF and sTfR according to the formula in Cook et al. (24): body iron (mg/kg) = —[log10
(sTfR - 1000/ferritin) — 2.8229]/0.1207. This formula uses an sTfR assay described in Flowers et al. (25). To convert Beckman Coulter sTfR concentrations for use in the formula, we
built on published data for Flowers, Ramco, and Beckman Coulter sTfRs. As reported in Pfeiffer et al. (26), the Ramco assay was similar to Flowers et al. (25). Ramco and Beckman
Coulter assays were part of a WHO study that used a standard reference reagent for sTfR (27). The Ramco assay yielded sTfR concentrations 4.3 times higher than Beckman
Coulter, so the Flowers sTfR equivalent was calculated by the following formula: Flowers sTfR = 4.3 X Beckman Coulter sTfR.

5 D at birth defined as cord SF <75 ug/L or ZPP/H >118 wmol heme/mol. SF <75 ug/L has been used in studies of prenatal ID neurodevelopmental effects (28-30), and ZPP/H
>118 umol/mol heme is the US 90th percentile (31).

% D and IDA results are presented by 2 different criteria for ID: cutoff, =2 abnormal iron measures and Bl <0 mg/kg.
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iron-supplemented mothers and 66% of those randomly allo-
cated to placebo). Consequently, there was more maternal ID in
placebo/iron and placebo/placebo compared with iron/placebo
and iron/iron groups. The groups showed small but statistically
significant differences in cord-blood hemoglobin that did not
consistently correspond to the pregnancy RCT. Hemoglobin at
birth was somewhat lower in placebo/placebo compared with
placebo/iron and iron/iron groups but also in iron/placebo
compared with iron/iron groups. Except for higher sTfR in the
placebo/placebo compared with the placebo/iron group, groups
were similar in other cord-blood iron status measures. Many
neonates had evidence of fetal-neonatal ID, as previously
reported (4). Even excluding neonates with cord SF <35 pg/L,
41-44% of infants/group had cord SF <75 pg/L or ZPP/heme
>118 wmol heme/mol (4).

At 9-mo testing (Table 2), infants showed little infection/
inflammation, as indicated by low C-reactive protein concentra-
tions in all groups. ZPP/heme was the only individual 9-mo iron
measure showing a significant overall effect of iron supplemen-
tation. Groups assigned to iron in infancy (placebo/iron and iron/
iron) had lower ZPP/heme concentrations than groups assigned
to placebo (iron/placebo and placebo/placebo). There was no over-
all difference in the prevalence of anemia, but group contrasts
showed the risk of anemia was significantly reduced by 23% in
the placebo/iron compared with the placebo/placebo group.

ID was common in study infants at 9 mo. However, supple-
mentation effects were statistically significant only for ID defined
by cutoff. ID was less common in groups assigned to iron in infancy
than those assigned to placebo (placebo/iron, 60.5% and iron/iron,
59.4% compared with placebo/placebo, 68.2% and iron/placebo,
68.9%). Group contrasts showed the following significant reduc-
tions in ID risk: for placebofiron, 11% reduction compared with
placebo/placebo and 21% compared with iron/placebo; for iron/
iron, 13% reduction compared with placebo/placebo and 14%
compared with iron/placebo. There were no statistically significant
overall or group differences in ID defined by BL

IDA was also common at 9 mo. IDA prevalence by cutoff
was highest in the placebo/placebo group; placebo/iron, iron/
placebo, and iron/iron groups did not differ from each other.
There was no overall difference in IDA prevalence for ID defined
by BI. However, the only significant group contrast was similar
for IDA by cutoff and BI; IDA risk was reduced for placebo/iron
compared with placebo/placebo by 27% using cutoff and 24%
using BI.

Infant growth at 9 mo

There were no statistically significant overall supplementation
effects for 9-mo anthropometric measures (Table 3). However,
in light of debate about effects of iron supplementation on
weight/length gain, we examined individual group contrasts.
Weight gain was significantly lower in placebo/iron compared
with iron/iron and iron/placebo groups. There were no group
differences in length gain.

Subgroup analyses based on infant iron status at birth
To address risks of giving iron to iron-sufficient infants, we
conducted subgroup analyses depending on iron status at birth.
Among infants who were iron sufficient at birth, more of the few
infants taken to the doctor for anatomical concerns (e.g.,
blocked tear duct, hernia, ptosis) received placebo (9/400) than
iron (1/405; Fisher exact P = 0.01). There were no other dif-
ferences in adverse events (doctor visits/hospitalization; data
not shown) or anthropometric measurements/growth (Table 4).
Among infants who were iron deficient at birth, more of those
randomly allocated to iron were reported to have visited a
doctor for upper respiratory symptoms/fever than those assigned
to placebo [145/307 (47.2%) compared with 119/304 (39.1%);
x> = 4.07, P = 0.04]. There were no other group differences in
adverse events, anthropometric measurements, or growth.

Regarding iron outcomes (Table 4), ZPP/heme concentra-
tions at 9 mo were lower in infants assigned to iron than placebo
regardless of iron status at birth. Iron supplementation reduced
the 9-mo ID risk (by cutoff) by roughly the same degree for
infants born iron sufficient (RR = 0.87; 95% CI: 0.77, 0.99) or
iron deficient (RR = 0.86; 95% CI: 0.77, 0.96). Among infants
who were iron deficient at birth, iron supplementation also
reduced risk of anemia (RR =0.80; 95% CI: 0.65, 0.97) and IDA
by cutoff (RR = 0.78; 95% CI: 0.63, 0.97). There were no
significant differences using BI to define ID or IDA.

Dose-response effects

We analyzed dose-response relations between number of bottles
of iron received in placebo/iron and iron/iron groups and infant
outcomes, considering potential confounding factors. For iron
status and illness outcomes, we examined maternal age, educa-
tion, and parity; family income; gestational age at birth; birth
weight/length; cord-blood iron status; weight/length gain be-
tween birth and 9 mo; and breastfeeding as potential confound-
ing variables. Iron status at birth met the criterion of association

TABLE 3 Infant anthropometric measurements at the 9-mo assessment by group in the combined
pregnancy and infancy RCT'

P Significant
Group Placebo/placebo (PP) Placebofiron (P) Iron/placebo (IP)  Ironfiron (I)  value? contrasts®
n 312 321 316 327
Weight-for-age z score* 0.89 (0.77, 1.00) 0.80 (0.69, 0.91) 0.92 (0.81, 1.03) 0.97(0.86,1.08) 0.20 PE<1I
Height-for-age z score 0.33(0.21, 0.45) 0.24(0.13,0.36)  0.30(0.18,0.41)  0.33(0.22, 0.45)  0.70
Weight-for-height z score 1.02 (0.90, 1.14) 0.96 (0.84, 1.08) 1.07 (0.95, 1.19) 1.12(1.00, 1.24) 030
Head circumference z score 0.10 (—0.02, 0.23) 0.01 (—0.11, 0.14) 0.04 (—0.08, 0.17) 0.13(0.01,0.26)  0.53
Weight gain, birth to 9 mo,° g 6270 (6146, 6395) 6161 (6039, 6283) 6354 (6231, 6477) 6356 (6235, 6477) 0.09 Pl <II, IP
Length gain, birth to 9 mo,® cm 22.4(22.1,22.7) 22.3(22.1, 22.6) 22.4(221,22.7) 227 (22.4,230) 030

" Values are means (95% Cls). Numbers (n) vary slightly due to missing data. II, iron in pregnancy/iron in infancy; IP, iron in pregnancy/
placebo in infancy; PI, placebo in pregnancy/iron in infancy; PP, placebo in pregnancy/placebo in infancy; RCT, randomized clinical trial.

2 Qverall P value based on general linear models.
3
4 7 scores based on WHO growth curves (33).

5 Weight and length gains adjusted by age in days at 9-mo testing.

Statistically significant pairwise comparison(s) between groups, P < 0.05.
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TABLE 4 Infant iron status and anthropometry at 9 mo depending on iron status at birth and supplementation in infancy’
Iron sufficient at birth Iron deficient at birth
Placebo Iron P value? Placebo Iron P value?
n 347 360 254 263
Iron outcomes
Hb, g/L 113 (112, 114) 113 (112, 114) 0.54 109 (107, 111) 112 (111, 114) <0.01
MCV, fL 69.5 (69.1, 69.9) 69.3 (68.9, 69.6) 0.39 68.3 (67.7, 68.8) 68.6 (68.1, 69.1) 0.40
SF2 pg/L 12.6 (115, 13.8) 128 (11.7, 14.1) 0.76 9.72 (8.72,10.8) 11.0 (9.84, 12.3) 0.12
ZPP/H® umol/mol heme 71.6 (68.3, 75.1) 65.7 (62.8, 68.7) 0.01 88.5 (82.5, 95.1) 80.3 (75.2, 85.8) <0.05
sTfR.® nmol/L 226 (21.8, 23.4) 23.8(23.1, 24.5) 0.03 25.1(24.1,26.2) 24.7 (237, 25.6) 0.53
Anemia, Hb < 110 g/L, n/total n (%) 130/347 (37.5) 128/360 (35.6) 0.60 125/254 (49.2) 103/263 (39.2) 0.02
ID* 219/347 (63.1) 198/360 (55.0) 0.03 195/254 (76.8) 173/263 (65.8) <0.01
IDAS 100/347 (28.8) 98/360 (27.2) 0.64 115/254 (45.3) 93/263 (35.4) 0.02
Anthropometric measurements®
Weight-for-age z score 0.95 (0.84, 1.06) 0.86 (0.75, 0.96) 0.23 0.84 (0.72, 0.96) 0.93 (0.81, 1.06) 0.28
Height-for-age z score 0.33(0.22, 0.43) 0.25(0.14, 0.36) 0.32 0.29 (0.16, 0.42) 0.34 (0.21, 0.47) 0.61
Weight-for-height z score 1.10 (0.98, 1.22) 1.03 (0.91, 1.14) 0.38 0.97 (0.85, 1.10) 1.07 (0.94, 1.20) 0.29
Head circumference z score 0.06 (—0.08, 0.19) 0.06 (—0.05, 0.16) 1.00 0.13 (—0.01, 0.26) 0.11 (—0.03, 0.25) 0.87
Weight gain, birth to 9 mo, g 6335 (6214, 6455) 6204 (6088, 6321) 0.13 6289 (6170, 6409) 6330 (6190, 6470) 0.66
Length gain, birth to 9 mo, cm 22.4(22.1,22.7) 224 (221, 22.7) 0.92 225(22.2,22.8) 225(222,228) 0.78

Values are means (95% Cls) for continuous variables and n/total n (%) for categorical ones. Numbers (n) vary slightly due to missing data. Hb, hemoglobin; ID, iron deficiency;

IDA, iron deficiency anemia; MCV, mean corpuscular volume; SF, serum ferritin; sTfR, serum transferrin receptor; ZPP/H, zinc protoporphyrinfheme.

2 Qverall P value based on general linear models or logistic regression.

IDA defined as Hb <110 g/ and =2 abnormal iron measures.
z scores based on WHO growth curves (33).

3
5
6
with both number of bottles received and outcome and contrib-
uted significantly to models for ZPP/heme and ID by cutoff. For
growth, potential confounding variables were the same except for
weight/length gains, which were outcomes. Birth length, the only
variable to meet the criterion, contributed significantly to models
for weight-for-age and weight-for-length z scores.

Dose-response analyses uniformly indicated better infant iron
status with a greater number of bottles of iron received—Dbut only
with iron supplementation in both pregnancy and infancy (iron/
iron group). Although few families received >20 bottles of iron,
there was a significant linear relation between number of bottles
and outcome for every single iron measure except ZPP/heme
(Table 5). In group contrasts, the medium group (>20 bottles) had
significantly higher hemoglobin, SE, and BI and lower sTfR than
the very low group (=10 bottles) and lower sTfR than the low
group (11-20 bottles). SF and BI were significantly higher in low
compared with very low groups, and there were suggestive trends
for higher hemoglobin and BI (P = 0.06) in medium compared
with low groups. Risk of ID and IDA, whether by cutoff or BI,
was significantly reduced in medium compared with very low
groups and, for IDA by cutoff, in low compared with very low
groups (Table 5). Effects were most dramatic for BI: the relative
risk of IDA was reduced 86% in medium compared with very low
groups (P = 0.03). However, iron status was not good even in the
medium group, as indicated by a mean BI of 2.43 mg/kg, only
slightly above the ID cutoff of 0 mg/kg.

In dose-response analyses for growth, there were no signif-
icant effects in the iron/iron group. In the group with supple-
mentation in infancy but not pregnancy (placebo/iron), there
were linear effects for 9-mo weight-for-age and weight-for-
length z scores: the more bottles of iron received, the heavier the
infant for age and length. Mean weight-for-age and weight-for-
length z scores were 0.72 (95% CI: 0.58, 0.86) and 0.84 (95%
CI: 0.69, 0.99) in the very low group, 0.97 (95% CI: 0.74, 1.20)
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Values are geometric means (95% Cls). Statistical analyses were conducted on log-transformed SF, ZPP/H, and sTfR.
ID defined as =2 abnormal iron measures (MCV <74 fL, ZPP/H >69 pmol heme/mol, SF <12 pg/L).

and 1.21 (95% CI: 0.95, 1.46) in the low group, and 1.10 (95%
CI: 0.61, 1.58) and 1.39 (95% CI: 0.86, 1.93) in the medium
group, respectively. Group contrasts were significant for weight-
for-length but not weight-for-age; weight-for-length in both
medium and low groups was greater than the very low group
(P = 0.05 and 0.01, respectively). In dose-response analyses for
illnesses, there were no statistically significant relations.

Discussion

In this double RCT, we found that iron supplementation in
infancy improved infant iron status at 9 mo. The reduction in ID
risk we observed was lower than the mean in a recent meta-
analysis (9) (RR = 0.87 in our study compared with 0.30 in the
meta-analysis). Because ID and IDA were common in study
infants at 9 mo regardless of supplementation group, the overall
outcome of the RCT was less than optimal despite statistically
significant effects. To consider possible explanations for this
unexpected finding, we use a physiologic framework for iron
status in infancy (34), specifically, iron status at birth, iron needs,
and iron sources (iron losses are unlikely to be a major factor in
this setting). There seems little doubt that an inadequate amount
of supplemental iron played a role. For >74% of families, only
1 box of supplements (10 bottles) was received. It appears from
the limited available calendar data that many families did not
give supplements daily and stopped around 6 mo. Thus, it is
likely that many infants did not receive supplemental iron from
6-9 mo, when iron needs are exceptionally high. Furthermore,
iron needs before 6 mo were probably higher in this sample than
often considered for breastfed infants (35, 36). Almost half had
indications of fetal-neonatal ID, meaning that they entered the
rapid infancy growth period with a substantial iron deficit. Iron
needs to support growth and red blood cell mass expansion were
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TABLE 5 Dose-response results in iron-supplemented infants whose mothers received iron in
pregnancy: Relations between the number of bottles of iron received and infant iron status at 9 mo'

Number of bottles of iron p Significant
=10 (VL) 11-20 (L) >20 (M) value?  contrasts®  RR (95% CI)*
n 229 66 21
Iron measures
Hb, g/L 112 (110, 113) 114 (111, 117) 120 (114, 125) <0.01 M > VL, 15
MCV, fL 68.5 (67.9, 69.0) 69.3 (68.3,70.2)  70.1(68.3, 71.8) 0.03 M® > VL
SFE ug/L 10.7 (9.6, 12.0) 139(11.2,17.1) 183 (126, 26.6) <0.01 M, L > VL
ZPP/H.87 pmol/mol heme 743 (69.3, 79.6) 707 (62.2,80.3) 683(548,851) 036
STR,5 nmol/L 25.3 (24.3, 26.3) 24.1(224,260) 195(17.1,223) <0.001 M < VL L
BI —042(—-091,0.07) 067 (—0.24,158) 2.43(0.81,4.04) <0.001 M, L > VL
M > 15
Iron status indicators
D (cutoff)’ 142/229 (62.0) 38/66 (57.6) 8/21(38.1) 0.05 Mvs. VL 0.61(0.35, 1.07)
ID (BI) 115/229 (50.2) 26/66 (39.4) 5/16 (23.8) 0.01 Muvs. VL 0.47(0.22, 1.03)
IDA (cutoff) 87/229 (38.0) 16/66 (24.2) 2/21(9.5) <0.01 L vs. VL 0.64 (0.40, 1.01)
Muvs. VL 0.25(0.07, 0.95)
IDA (BI) 76/229 (33.2) 14/66 (21.2) 1/21 (4.8) <0.001 Muvs. VL~ 0.14(0.02, 0.98)

L>vs. VL 0.64(0.39, 1.05)

" Values are means (95% Cls) for continuous variables and n (%) for categorical ones. Bl, body iron; Hb, hemoglobin; ID, iron deficiency;
IDA, iron deficiency anemia; L, low; M, medium; MCV, mean corpuscular volume; SF, serum ferritin; sTfR, serum transferrin receptor; VL,

very low; ZPP/H, zinc protoporphyrin/fheme.
2 P values are for the linear trend.

2 Significant contrasts (P < 0.05) are based on general linear models for continuous measures and logistic regression for iron status

indicators.

4 RR is shown for the significant corresponding contrasts for iron status indicators.

5 Suggestive trend (P < 0.10) is shown to indicate the pattern of findings.

5 Values are geometric means (95% Cls). Statistical analyses were conducted on log-transformed SF, ZPP/H, and sTfR.
7 Iron status at birth was a significant covariate for ZPP/H and ID (cutoff). Adjusted values are shown.

also high in this population, both pre- and postnatally. Preg-
nancy weight gain was high, fetal growth was good (4), and, at
9 mo, the mean weight-for-age z score was 0.89. Taken together,
this was a sample with poor iron status at birth, high iron needs
for growth, and insufficient supplemental iron intake.

Conclusions about the impact of maternal iron supplemen-
tation on infant iron status differed for the RCT intention-to-
treat analysis and the dose-response analysis. In the primary
analysis by RCT group, there was no added benefit of maternal
iron supplementation over that with iron supplementation in
infancy, contrary to prediction, and no benefit of iron supplemen-
tation in pregnancy in the absence of iron in infancy. These findings
seem to make sense in terms of the little or no impact of maternal
iron supplementation on cord-blood iron measures in the prenatal
RCT, despite excellent maternal response to iron supplementation
(4). However, in dose-response analyses, it was only in the group
that received iron supplementation in both pregnancy and infancy
that a higher number of bottles of iron related to better infant iron
status at 9 mo. One might speculate that iron supplementation
during fetal development altered regulatory processes or set points
that facilitated erythropoiesis and repletion of iron stores when
supplemental iron was provided above some minimum in infancy.
This concept would be consistent with a recent report of develop-
mental plasticity of red blood cell homeostasis during the fetal
period: iron availability to the fetus exerted a long-lasting influence
on red blood cell clearance and turnover in both monkey and
human infants (37). However, our findings require replication
before further interpretation, because few infants received even
close to the targeted amount of supplemental iron.

Reasons for the families’ minimal use of study supplements
are unclear, although some parents reported hesitation to give

supplements to infants who appeared healthy. Nonetheless, our
dose-response analyses strongly suggest that infant iron status
could improve with more supplemental iron. Consistent findings
across almost all iron status measures show that number of
bottles of iron received corresponded to something biologically
meaningful, likely reflecting adherence at least to some degree.
When >20 bottles of iron were received, IDA by BI was essen-
tially eliminated, and means for all iron measures were normal
(although several were close to ID cutoffs). The findings dem-
onstrate that infants responded to iron proteinsuccynilate at a
dose suitable for routine supplementation.

We found different responses to supplementation for sev-
eral iron measures. ZPP/heme showed more effect of iron
supplementation than any other individual iron measure or BI
in the RCT analysis, whereas it was the only measure that did
not show an effect in dose-response analyses. In contrast, BI
showed a clear relation with number of bottles of iron received
(negative with =10 bottles but positive, albeit minimally, with
more bottles). BI is an increasingly popular iron status index,
combining ferritin, a measure of iron stores, and sTfR, a
measure of the demand for iron to support erythropoiesis. Our
results indicate that using ZPP/heme or BI alone might miss
functionally important effects. This issue warrants further
investigation.

Growth and adverse events were other outcomes of interest.
There were no effects of supplementation in either infancy or
pregnancy on linear growth from birth to 9 mo, indicating the
absence of an adverse effect of iron supplementation on infant
length gain. Small RCT group differences in weight gain are hard
to interpret in terms of iron supplementation. Weight gain was
highest in the group that was iron supplemented in both
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pregnancy and infancy—higher than in the group receiving iron
only in infancy. But the placebo/iron group had lower weight
gain than the group that received iron only during gestation.
However, in dose-response analyses, placebo/iron group infants
with a greater number of bottles of iron received had higher
weight-for-age and weight-for-length z scores. The inconsistent
pattern of weight and weight gain does not support interpreta-
tion as a benefit or risk of iron supplementation in infancy. In our
subgroup analysis of infants who were iron sufficient at birth,
there were no growth differences at 9 mo between those ran-
domly allocated to iron or placebo in infancy.

There was no impact of iron supplementation in infancy and/
or pregnancy on doctor visits or hospitalization. In subgroup
analyses of infants who were iron sufficient at birth, the only
difference was fewer doctor visits for minor anatomical concerns
(e.g., blocked tear duct, hernia) in the iron-supplemented group.
It is hard to see how this difference could relate to iron
supplementation in infancy. However, among infants who were
iron deficient at birth, parents reported more doctor visits for
upper respiratory symptoms for infants receiving iron than
placebo. These results may be pertinent to meta-analysis findings
of more fever and vomiting in iron-supplemented infants (9).

The minimal supplement consumption is a major study
limitation, although it confirms the voluntary nature of study
participation (e.g., parents could choose not to request addi-
tional supplements but still participate in other aspects of the
study). It may also inadvertently inform the debate about iron
supplementation in breastfed infants <6 mo of age (38), who are
often considered to need little or no iron from external sources
other than breast milk (35, 36). Most study families took only
the initial box of supplements at 6 wk, which generally seemed
to have been used by 6 mo. Even this minimal amount of iron
reduced the prevalence of ID at 9 mo compared with placebo,
suggesting that these breastfed infants benefited from iron before
6 mo of age. However, the study design did not systematically
vary age of starting supplements and cannot determine if 9-mo
iron status would be as good or better with supplementation
starting after 6 mo, as suggested by a Honduran and Swedish
study (39). However, 2 small North American studies also
reported hematologic improvements in term breastfed infants
who received iron supplements from 1 to 6 mo of age (40, 41).
One assessed developmental outcomes as well and observed
benefits at 13 mo (40).

In any case, our findings suggest that current estimates of iron
needs in healthy term breastfed infants (35, 36) may not apply to
infants in much of the world. Many infants are not born under
conditions that are optimal for iron status, such as having a
mother with good iron status in pregnancy, being born iron
sufficient, and having delayed cord clamping. The field needs
better ways to determine how much iron breastfed infants need
in settings where many have poor iron status at birth and are
doubling or tripling their birth weight younger than previously.
New approaches that improve iron delivery to the fetus and
young infant are also urgently needed in such settings.

Other limitations: we could not calculate how many doses or
how much iron each infant actually received or when supple-
ments were given. Nonetheless, it is clear the amount for most
infants was insufficient to meet iron needs between 6 wk and 9
mo. The limited intake of supplemental iron may limit the
study’s ability to detect effects (positive or negative). It is also
important to note that tissue iron needs and effects of iron
supplementation for other developing organs, such as the brain,
may not parallel those for blood. Our dose-response analyses
were limited by the relatively small number of infants for whom
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a more adequate amount of iron was distributed. Because the
number of bottles of iron for these few infants was sufficient to
last beyond 6 mo, we cannot determine whether their better iron
status at 9 mo was due to a greater total amount of supplemental
iron or intake after 6 mo. Reliance on parental report regarding
doctor visits and hospitalizations is another limitation. Such
data were also missing for ~25% of infants at 9 mo. The study
was not powered to detect statistically significant differences in
infrequent adverse events, such as infant death or major illness.

In sum, we found that iron supplementation in infancy reduced
the risk of ID at 9 mo, whereas iron supplementation in pregnancy
had no impact, based on the RCT design. The reduced risk was
observed regardless of iron status at birth. However, close to
two-thirds of infants had ID at 9 mo and one-third had IDA,
despite supplementation. Among infants whose mothers were iron
supplemented who were themselves randomly allocated to iron,
the more bottles of iron received, the better iron status at 9 mo.
Nonetheless, infants with the highest number of bottles still had
iron measures that were close to cutoffs indicating ID. These
results point to challenges in preventing ID and IDA among
breastfed infants in at-risk populations, even when their health
is otherwise excellent. There were no adverse effects of iron
supplementation on infant health or growth overall or among
infants who were iron sufficient at birth.
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