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Abstract

Background: Previous trials of prenatal iron supplementation had limited measures of maternal or neonatal iron status.
Objective: The purpose was to assess effects of prenatal iron-folate supplementation on maternal and neonatal iron status.
Methods: Enrollment occurred June 2009 through December 2011 in Hebei, China. Women with uncomplicated singleton
pregnancies at =20 wk gestation, aged =18y, and with hemoglobin =100 g/L were randomly assigned 1:1 to receive daily iron
(300 mg ferrous sulfate) or placebo + 0.40 mg folate from enroliment to birth. Iron status was assessed in maternal venous
blood (at enrollment and at or near term) and cord blood. Primary outcomes were as follows: 7) maternal iron deficiency (ID)
defined in 2 ways as serum ferritin (SF) <15 pg/L and body iron (Bl) <O mg/kg; 2) maternal ID anemia [ID + anemia (IDA);
hemoglobin <110 g/L]; and 3) neonatal ID (cord blood ferritin <75 wg/L or zinc protoporphyrin/heme >118 pwmol/mol).
Results: A total of 2371 women were randomly assigned, with outcomes for 1632 women or neonates (809 placebo/folate, 823
iron/folate; 1579 mother-newborn pairs, 37 mothers, 16 neonates). Most infants (97 %) were born at term. At or near term, maternal
hemoglobin was significantly higher (+5.56 g/L) for iron vs. placebo groups. Anemia risk was reduced (RR: 0.53; 95% Cl: 0.43, 0.66),
as were risks of ID (RR: 0.74; 95% CI: 0.69, 0.79 by SF; RR: 0.65; 95% ClI: 0.59, 0.71 by BI) and IDA (RR: 0.49; 95% ClI: 0.38, 0.62 by
SF; RR:0.51; 95% Cl: 0.40, 0.65 by BI). Most women still had ID (66.8% by SF, 54.7% by BI). Adverse effects, all minor, were similar
by group. There were no differences in cord blood iron measures; >45% of neonates in each group had ID. However, dose-response
analyses showed higher cord SF with more maternal iron capsules reported being consumed (B per 10 capsules = 2.60, P < 0.05).
Conclusions: Prenatal iron supplementation reduced anemia, ID, and IDA in pregnant women in rural China, but most
women and >45% of neonates had ID, regardless of supplementation. This trial was registered at clinicaltrials.gov as
NCT02221752. J Nutrdoi: 10.3945/jn.114.208678.

Keywords: pregnant women, neonates, iron supplementation, iron deficiency, iron deficiency anemia,
randomized clinical trial

Introduction

EST. 1928

C

Reducing maternal anemia and preventing iron deficiency (ID)®
are global health priorities (1). Public health efforts have
reduced maternal anemia in many settings, but 38 % of pregnant

" The pregnancy study was supported by a grant from Vifor Pharma Ltd. (GZ,
Principal Investigator). The laboratory measures of iron status were supported by
a grant from the NIH (R01 HD052069; BL, Principal Investigator), which included
funding from the Eunice Kennedy Shriver National Institute of Child Health and
Human Development and the Office of Dietary Supplements.

2 Author disclosures: G Zhao, G Xu, M Zhou, Y Jiang, B Richards, KM Clark,
N Kaciroti, MK Georgieff, Z Zhang, T Tardif, M Li, and B Lozoff, no conflicts of interest.
* To whom correspondence should be addressed. E-mail: blozoff@umich.edu.

© 2015 American Society for Nutrition.

women worldwide are still anemic, mostly due to ID (1),
potentially affecting millions of women and their infants. The
problem is not restricted to limited-resource countries. In the
United States, for instance, 30-34% of pregnant women are
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anemic (2) or iron-deficient (3). Severe maternal anemia/ID can
contribute to adverse pregnancy outcomes (4) and affect
newborn iron status (5). ID during infancy is associated with
poorer cognitive, motor, and social-emotional development (6).
This randomized clinical trial was designed to assess effects
of prenatal iron-folate supplementation on maternal and neo-
natal iron status, with a secondary goal of examining effects on
maternal anemia and perinatal outcomes. The study was
conducted in China, where prenatal micronutrient supplements
other than folate before conception were not routinely
recommended at the time. The study is pertinent to 3 recent
meta-analyses/systematic reviews of routine prenatal iron sup-
plementation (7-9) and 2 large micronutrient supplementation
trials in China that included iron-folate supplementation groups
(10-12). Virtually all of the studies provided data on maternal
hemoglobin and anemia, but few had additional measures of
maternal iron status. A recent report from one of the China trials is
a notable exception (12). The only trial in a systematic review (9) to
report cord blood iron measures found no effect of maternal iron
supplementation but observed differences later in infancy (13).
With more comprehensive measures for both pregnant women
and neonates than in previous studies, we predicted that iron
supplementation would improve maternal and fetal-neonatal iron
status and reduce ID and ID anemia (IDA). We also expected that
prenatal iron supplementation would increase maternal hemo-
globin, reduce maternal anemia, and improve perinatal outcomes.

Methods

Study setting and design. The study, conducted in rural Sanhe
County, Hebei Province, China, involved collaboration between Peking
University First Hospital and 3 local hospitals [Sanhe Maternity and
Child Health Care Center (MCHC), Sanhe General County Hospital,
and Sanhe Hospital of Traditional Chinese Medicine]. The study initially
involved only Sanhe MCHC, but interim analyses of drop-out rates led
us to appreciate that, according to local custom, women often did not
give birth at the same place they received prenatal care. Women in this
area had the choice of delivering at >2 dozen local hospitals and clinics,
which might differ in convenience, closeness to home, or cost. It was not
possible to collect cord blood for study participants in all these locations,
but we made arrangements to do so at 2 other major hospitals during the
second half of the study. Eligible pregnant women were enrolled from
June 2009 through December 2011 and randomly assigned in a 1:1 ratio
to iron and folate or placebo and folate. The study and the assessments of
maternal and neonatal iron status were approved by ethics committees of
the Peking University First Hospital and the University of Michigan.

Participants. Women were recruited at their first prenatal visit at Sanhe
MCHC. Women were eligible if they had an uncomplicated singleton
pregnancy, a first Sanhe MCHC visit at =20 wk gestation, and plans to
give birth at a participating hospital. Exclusion criteria were age <18 y,
not living in Sanhe, not mentally competent, having a chronic health
problem, hemoglobin <100 g/L, or having taken medicinal iron for any
duration. A total of 2371 women were recruited.

Enrollment and informed consent. Staff from Sanhe MCHC
explained the project to expecting mothers and obtained signed informed
consent for those agreeing to participate.

Randomization and masking. Women received 2 supplements: iron/
placebo and folate. Taiyuan Satellite Pharmaceutical Co., Ltd. prepared
equal quantities of iron or placebo capsules and folate capsules and
assigned 4-digit package numbers beginning with 0001 according to a
random-number chart prepared by a statistician who was not part of the
study. Study participants, personnel, and investigators were unaware of
supplement group. The code was not broken until the study and primary
analyses were completed.
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Intervention. Project personnel provided participants with medication
packs from consecutive package numbers on the basis of date of first
prenatal MCHC visit. Supplement packs, differing in appearance only in
the number, consisted of capsules with iron [300 mg ferrous sulfate (60 mg
elemental iron)] or placebo (starch, dextrin, sucrose, and magnesium
stearate) and capsules with 0.40 mg folate. Participants were instructed
to take one of each kind of supplement daily from enrollment to delivery
and to return to the clinic for more supplements when they ran out.
Women received 100 capsules of each supplement upon enrollment and
after ~3 mo, typically at 26-32 wk gestation. Project personnel asked
about the number of capsules consumed at this follow-up visit and again
at or near term. We estimated the percentage of adherence by iron or
placebo capsules consumed divided by days from enrollment to the
assessment at or near term. Physicians were free to use clinical judgment
in treating anemic women. Local clinical practice was to prescribe
medicinal iron therapy (ferrous sulfate, ferrous succinate, or ferric
ammonium citrate) and/or to make dietary recommendations. Women
were free to obtain over-the-counter iron-containing supplements on
their own, regardless of group assignment or whether or not they were
anemic.

Study outcomes. Primary outcomes were iron status of pregnant
women at or near term and of neonates at birth, almost all of whom were
born at term (37-41 wk). Other outcomes were maternal anemia and
infant gestational age and birth weight.

Gestational age was based on last menstrual period. Maternal blood
samples were obtained by venipuncture for research and/or clinical
purposes at enrollment and generally at 26-32 wk, at or near term, and
1-3 d after delivery. Cord blood samples were obtained for research
purposes by sterile needle puncture immediately after cord clamping.
Cord clamping generally occurred within 60 s of delivery, with the infant
~20 cm below the perineum for vaginal births and on the mother’s
abdomen for cesarean deliveries. A complete blood count, including
hemoglobin and mean corpuscular volume (MCV), was performed by
using a Sysmex KX-21N Auto Hematology Analyzer for clinical
purposes at each time point at the Sanhe MCHC and at the research
time points at Peking University First Hospital (enrollment, at or near
term, and cord blood). In Sanhe, whole blood for zinc protoporphyrin/
heme (ZPP/H) was stored at 4°C and protected from light; serum for
other iron measures was stored at —20°C. Samples were transferred
weekly in cooled and chilled transfer boxes, respectively, to Peking
University First Hospital where ZPP/H was analyzed by hematofluo-
rometer (Aviv Biomedical), serum ferritin (SF) and serum transferrin
receptor (sTfR) by chemiluminescent immunoassay (Beckman Coulter
Access 2 Immunoassay System), and serum C-reactive protein (CRP) by
rate nephelometry (Hitachi 7600). Both laboratories maintained stan-
dard quality-control procedures.

We defined maternal anemia per WHO guidelines as hemoglobin
<110 g/L (1, 2) and ID in the following 2 ways: SF <15 ug/L (14) and
body iron (BI) <0 mg/kg (15). IDA was defined as anemia plus ID. We
considered fetal-neonatal ID as cord blood SF <75 pg/L or as ZPP/H
>118 pmol/mol. The SF cutoff has been used in studies of prenatal ID
neurodevelopmental effects (16-18). The ZPP/H cutoff represents the
US 90th percentile (19). Birth weight and length were measured by
obstetrical staff.

Sample size. The targeted sample of 1200/group (total 7 = 2400) was
adequate to detect a reduction in maternal IDA of =4.5% (RR: 0.78)
and a difference in birth weight of =45 g, with 80% power and « = 0.05.
Although we did not reach the targeted sample number because of
budgetary constraints, there was little reduction in power. The actual
numbers of women with outcome data were 802 in the placebo group
and 814 in the iron-supplemented group. With this sample size we had
80% power to detect a =5.4% reduction in maternal IDA (RR: 0.73).
With the observed sample size of 792 neonates in the placebo group and
803 in the iron-supplemented group, there was 80% power to detect a
difference in birth weight of =55 g and, in general, small differences
(effect size of =0.14) in any continuous outcome, such as cord blood
measures of iron status. The study was not powered to detect differences
in uncommon outcomes (e.g., low birth weight, fetal loss).
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Statistical analysis. Primary analyses were based on intention-to-treat.
Chi-square tests were used to test for group differences in maternal
anemia, ID, and IDA, fetal-neonatal ID, and other categorical variables.
We used two-sample ¢ tests to test for group differences in maternal and
cord blood iron measures, infant gestational age and birth weight, and
other continuous variables. In addition, we used multiple regression or
logistic regression to adjust for potential confounding factors, such as
baseline iron measures, duration of supplementation, gestational age at
birth, etc. We used a similar approach in secondary analyses within the
iron-supplemented group to model dose-response relations between the
number of iron capsules reported being consumed and maternal and
neonatal iron status outcomes among women in the iron-folate group
who had complete data on adherence. Descriptive data are expressed as
means = SDs. Results for group comparisons of outcomes are expressed
as means (95% Cls) for continuous variables and RRs (95% ClIs) for
categorical ones. Significance was set at P < 0.05.

Results

The 2371 pregnant women, enrolled at a mean gestational age of
15.9 = 1.9 wk, were randomly assigned in approximately equal
numbers to receive placebo and folate or iron and folate (Figure
1). Attrition affected the groups similarly both in proportion
[31.8% (377 of 1186) in the placebo/folate group and 30.5%
(362 of 1185) in the iron/folate group] and reason. Most
attrition [87.5% (647 of 739)] was due to delivery at a
nonparticipating hospital/health center. There was little attrition
due to pregnancy complications (similar by group), which were
generally referred to a tertiary-level general hospital, or for other
reasons (Figure 1).

Outcome data were available for 1632 women or neonates
(1579 mother-newborn pairs, 37 mothers only, and 16 neonates
only). Maternal iron status outcome data were obtained at or near
term, generally within 1 wk of birth (mean gestational age: 39.4 +
1.2 wk); 97% of the infants were born at term (37-41 wk).

Iron status at enrollment was similar for those with and
without outcome data. For those with outcome data, maternal
and family characteristics at enrollment were similar by supple-
ment group (809 placebo/folate, 823 iron/folate) (Table 1), as
was iron status (Table 2). Information on adherence was
available for most women for the first 3-mo period of supple-
mentation (95.8%; 1564 of 1632) but for less than half in the
second 3-mo period (46.4%; 757 of 1632). Incomplete infor-
mation on adherence was more likely for women who gave birth
at a collaborating hospital other than Sanhe MCHC. Women
with incomplete adherence data had more education and higher
family incomes but were enrolled a half week later in gestation
than those with complete data and had poorer iron status at the
study conclusion (data not shown). On the basis of women with
complete data, adherence was similar by group and generally good:
the mean percentage of capsules reported being consumed was
83.7% (median = 90.1%) for the placebo group and 85.1%
(median = 91.3%) for the iron-supplemented group. Weight gain in
pregnancy was ~18 kg in both groups but averaged 0.6 kg more in
the placebo group than in the iron-supplemented group (Table 2).

Maternal iron status. At enrollment, ~8% of women were
mildly anemic (hemoglobin: 100-109 g/L) (Table 2). At or near
term, maternal hemoglobin averaged 5.56 g/L higher in the iron-
supplemented group than in the placebo group (effect size =
0.50), and the prevalence of anemia was lower (13.4% vs.
25.1%;RR:0.53;95% CI: 0.43, 0.66). Compared with placebo,
iron supplementation reduced the risk of ID and IDA at or near
term (RR: 0.74; 95% CI: 0.69, 0.79 for ID defined as SF <15 ug/L;
RR: 0.65; 95% CI: 0.59, 0.71 for ID defined as BI <0 mg/kg;

Enrolled
n=2371
]
A 2 v
Placebo/folate Iron/folate
n=1186 n=1185
(329) Care at another (318) Care at another
hospital hospital
(15) Medical condition (16) Medical condition
(9) Missing blood (11) Missing blood
outcome outcome
(9) Miscarriage (6) Induced
(6) Withdrawn u [~ (4) Miscarriage
(5) Induced (4) Withdrawn
(1) stillbirth (2) stillbirth
(1) Fetal malformation (1) Twins
(1) Abortion
(1) Positive for fetal
infection
A 4 A 4
With iron status With iron status
outcome data outcome data
n =809 n =823
(8) Cord blood available, (8) Cord blood
maternal blood missing available, maternal
(17) Maternal blood - | | blood missing
available, cord blood (20) Maternal blood
missing available, cord blood
missing
\ 4 A 4 A 4 \ 4
Women Neonates Women Neonates
n =802 n=792 n=2814 n =803
FIGURE 1 Flowchart of participants in a randomized clinical trial

among women in China, 2009-2011, by placebo/folate and iron/folate
groups. One woman in the placebo/folate group with hemoglobin of
98 g/L, who was enrolled by mistake, provided outcome data and was
retained in the study. Two women in the iron/folate group who were
17 y of age were also enrolled by mistake. They provided outcome
data and were retained in the study.

RR:0.49; 95% CI: 0.38, 0.62 for IDA by low SF; RR: 0.51; 95%
CI: 0.40, 0.65 for IDA by low BI). However, the majority of
women still had ID at or near term (66.8% by low SE, 54.7% by
low BI). There was little IDA at the beginning of the trial (2.5%
by low SE, 1.5% by low BI). Without iron supplementation,
there was a prevalence of IDA of 21.7% at or near term by low
SF and of 19.7% by low BI; corresponding IDA proportions
with iron supplementation were 10.6% by low SF and 10.1% by
low BI. All hematologic and biochemical measures of maternal
iron status—MCV, ZPP/H, SE, sTfR, sTfR:SF ratio, and BI—
improved significantly at or near term with iron supplementa-
tion. Effect sizes ranged from 0.44 for MCV to 0.57 for sTfR:SF
ratio and BI. There was also a significant reduction in platelets in
the iron-supplemented group (effect size = 0.20). Despite
improved iron status in the iron/folate group, ID was widespread
regardless of supplementation or criterion: more than half of the
women who received supplemental iron and three-quarters of
those who did not had SF <15 pg/L. The impact of iron
supplementation on anemia reduction (Figure 2) was apparent
by the clinical visit at 26-32 wk (RR: 0.69; 95% CI: 0.58, 0.82).
Postpartum (90% of samples on day 1), anemia was reduced by
19.4% (RR: 0.71; 95% CI: 0.66, 0.78). The results were similar
with and without adjustment for confounding factors. Covariate
analyses using multiple or logistic regression included parity,
gestational age, duration of supplementation, and CRP at or
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TABLE 1 Maternal and family characteristics at enrollment of pregnant women randomly assigned to

receive placebo/folate or iron/folate supplements’

Placebo/folate Iron/folate P?
n 809 823
Maternal age, y 245 + 36 247 + 386 0.20
Education (middle school or less), n/total n (%) 516/782 (66.0) 538/797 (67.5) 0.52
Net family income =50,000 yuan/y, n/total n (%) 402/756 (53.2) 422/754 (56.0) 0.28
Primiparous, n/total n (%) 605/776 (78.0) 622/791 (78.6) 0.75
Gestational age at enrollment, wk 158 £ 19 159 19 0.97
Prepregnancy weight, kg 57.0 =93 57.0 =93 0.94
Height, cm 161 + 4 161 £ 5 0.95
Prepregnancy BMI, kg/m? 219 + 33 219 = 35 0.90

" Values are means * SDs for continuous variables and n/total n (%) for categorical variables. Numbers (n) vary slightly due to missing data.

Information is based on women with hematology outcome data.

2 Obtained by using t tests for continuous variables and chi-square tests for categorical variables.

near term. For postpartum anemia, number of days after birth
was an additional confounding factor.

Fetal-neonatal iron status and other outcomes. There were
no significant group differences in cord blood measures of fetal-
neonatal iron status (Table 3). Regardless of maternal iron
supplementation, >45% of neonates had cord SF <75 pg/L or
ZPP/H >118 pmol/mol. The groups were similar in other fetal-
neonatal outcomes, such as gestational age and birth weight and
length. The results were similar with and without adjustment for
confounding factors (parity, initial pregnancy iron measures,
gestational age, duration of supplementation, and CRP).

Although the study was not powered to detect significant
differences in uncommon serious adverse birth outcomes (i.e.,
miscarriage, still birth, prematurity, or major congenital mal-
formation), there were almost twice as many serious adverse
outcomes in the placebo group (15 of 831; 1.81%) than in the
iron-supplemented group (8 of 840; 0.95%) (x> = 2.24, P = 0.13;
Figure 1). More than two-thirds of the women in each group
reported minor adverse symptoms such as nausea, vomiting,
diarrhea, or constipation (68.2% vs. 68.4% in placebo and iron-
supplemented groups, respectively).

Analyses of adherence and dose-response relations. We
conducted further analyses to understand the reasons for missing
data on adherence and use of medicinal iron or iron-containing
supplements outside the study. As noted above, data were
complete for the first 3-mo period of study participation but
decreased to approximately half for the second period. In
analyzing the rate of missing adherence data over time, we noted
an increase corresponding to the time that 2 additional local
hospitals were included. The rate continued to increase gradually
thereafter. Women with iron status outcome data but who were
missing second-batch adherence data also had poorer iron status
than those with complete adherence data (data not shown).

We analyzed dose-response relations, controlling for signif-
icant confounding factors, between number of capsules report-
edly consumed and outcome in the 380 women in the iron-folate
group who had complete data on adherence. Even though
adherence was generally high (>85% of possible capsules were
reported to have been consumed), there was variation in the
number of doses reported being consumed (mean: 139 * 30;
range: 28-192). Potential confounding factors were maternal
and family factors that might influence both the number of
capsules reportedly consumed and iron status outcomes such as
maternal age, parity, and education; family income; and duration
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of study participation. There were significant relations between
the number of capsules reportedly consumed and maternal and
neonatal iron measures (Table 4). The results uniformly indicated
that the more capsules reportedly consumed, the better the
maternal iron status. There was also a significant relation with
cord blood SF (more capsules reported being consumed, higher SF)
and a suggestive trend with cord blood ZPP/H (more capsules
reported being consumed, lower ZPP/H).

Discussion

We found that iron supplementation in pregnancy increased
maternal hemoglobin at or near term by 5.56 g/L and reduced
the risk of anemia, ID, and IDA. The improvement in maternal
iron status did not occur at the expense of fetal iron status. Fetal-
neonatal iron status in the placebo group was similar to that in
the iron-supplemented group, but maternal iron status was
considerably worse. There were no differences in birth weight or
other infant outcomes with iron supplementation.

Our findings on reduced risk of maternal ID/IDA can be
compared with recent meta-analyses of randomized trials of
prenatal iron supplementation (7-9). Few studies assessed iron
status, but most that did so defined ID as low SF. The reduced
RR of ID we observed (RR: 0.74) is within the range of the most
recent systematic review/meta-analysis (RR: 0.59; 95% CI:
0.44, 0.79; 8 trials) (7). Our ID results are similar to those of a
large trial, which was also conducted in Hebei Province (10),
and jointly supported by the US CDC, in which iron status was
assessed in 834 of ~19,000 participating women (12). Although
we obtained iron measures at or near term, whereas that study
did so at 28-32 wk, and SF cutoffs differed [<15 vs. <12 pg/L
(12)], mean SF at the study conclusion was almost identical in
the folate groups in that trial and in ours (11.3 vs. 11.1 pg/L) and
was similar in the iron-folate groups (16.7 vs. 15.3 ug/L).
Depending on ID criterion (low SF or BI <0 mg/kg), 59.6-69.9%
of women receiving folate in that trial had ID, as did 34.3-53.6%
of those receiving iron-folate (12); our corresponding numbers
were slightly higher (66.5-77.0% and 42.8-56.8%, respectively).

With regard to IDA, the reduced risk we observed (RR: 0.49)
is similar to that in the meta-analyses (mean RRs: 0.33-0.44; 5-7
trials) (7-9) but contrasts with no reduction in the other Hebei
study. Because mean SF and ID prevalence postsupplementation
were quite similar in both Hebei clinical trials, differing results
for IDA likely hinge on differences in hemoglobin and anemia.
Our results for hemoglobin increase and anemia reduction are
consistent with the meta-analyses. Iron supplementation increased
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TABLE 2 Supplement intake, pregnancy weight gain, and hematology upon enrollment and at or near term in
women randomly assigned to receive placebo/folate or iron/folate supplements in pregnancy’

Placebo/folate Iron/folate P
At enrollment, n 1186 1185
At or near term, n 802 814
Time from enroliment to delivery, d 167 (166, 168) 167 (166, 168) 0.94
Capsules reported consumed,? n 138 (135, 142) 139 (136, 142) 0.67
Weight gain in pregnancy, kg 18.2 (17.8, 18.6) 17.6 (17.2, 18.0) 0.04°
Hemoglobin, g/L
Enrollment 123 (122, 123) 123 (122, 123) 0.82
At or near term 117 (116, 117) 122 (121, 123) <(0.001
Mean corpuscular volume, fL
Enrollment 85.2 (85.0, 85.4) 85.1(84.9, 85.3) 0.60
At or near term 85.2 (84.9, 85.5) 87.3(86.9, 87.6) <0.001
ZPP/H,* umol/mol heme
Enrollment 50.1 (48.8, 51.4) 51.7 (50.4, 53.0) 0.09
At or near term 81.7 (79.1, 84.3) 65.8 (63.8, 68.0) <0.001
SE* g/l
Enrollment 30.7 (29.4, 32.1) 30.7 (29.3, 32.1) 0.98
At or near term 11.1(10.7, 11.6) 15.3 (14.6, 16.1) <0.001
sTR,* nmol/L
Enrollment 14.7 (145, 14.9) 148 (145, 15.0) 0.67
At or near term 285(27.8,29.2) 23.8(232,24.4) <0.001
Log(sTfR:SF) ratio
Enrollment —0.74 (—0.79, —0.68) —0.73 (—0.79, —0.68) 0.88
At or near term 0.94 (0.89, 1.00) 0.44 (0.37, 0.51) <0.001
B, mg/kg
Enrollment 5.32 (5.12, 5.51) 5.30 (5.10, 5.49) 0.89
At or near term —0.72 (—0.93, —0.52) 1.09 (0.85, 1.33) <0.001
Platelets, 10%/L
Enrollment 227 (224, 230) 230 (227, 233) 0.27
At or near term 219 (215, 223) 208 (204, 211) <0.001
CRP* mg/L
Enrollment 2.06 (1.93, 2.20) 1.99 (1.86, 2.13) 0.45
At or near term 4.13 (3.85, 4.43) 4.05 (3.80, 4.33) 071
Anemia (hemoglobin <110 g/L), n/total n (%)
Enroliment 104/1180 (8.81) 88/1179 (7.46) 0.23
At or near term 201/802 (25.1) 109/814 (13.4) <0.001
Hemoglobin <100 g/L at or near term, n/total n (%) 29/802 (3.6) 18/814 (2.2) 0.09
Iron deficiency,” n/total n (%)
SF <15 ug/L
Enrollment 224/1180 (19.0) 223/1179 (18.9) 0.97
At or near term 618/802 (77.1) 462/815 (56.8) <0.001
BI® <0 mg/kg
Enrollment 94/1180 (8.0) 87/1179 (7.4) 0.59
At or near term 533/802 (66.5) 351/814 (43.1) <0.001
Iron deficiency anemia,® n/total n (%)
By SF
Enrollment 29/1180 (2.5) 25/1179 (2.1) 0.58
At or near term 174/802 (21.7) 86/814 (10.6) <0.001
By BI°
Enrollment 18/1180 (1.5) 22/1157 (1.9) 0.52
At or near term 159/802 (19.8) 82/814 (10.1) <0.001

" Values are means (95% Cls) for continuous variables and nftotal n (%) for categorical variables unless otherwise indicated. Numbers (n) vary slightly due to
missing data. BI, body iron; CRP, C-reactive protein; SF, serum ferritin; sTfR, serum transferrin receptor; ZPP/H, zinc protoporphyrin/neme.

2 Values are based on women with complete adherence data and iron status outcomes (n = 360 and 380 in the placebo/folate and iron/folate groups, respectively).
2 Obtained by multiple regression with gestational age as a significant confounding factor.

4 Values are geometric means (95% Cls); t tests were conducted on log-transformed SF, sTfR, ZPP/H, and CRP.

5 Iron deficiency and iron deficiency anemia results are presented by 2 different criteria for iron deficiency: SF <15 pg/L and Bl <0 mg/kg.

6 Bl was calculated by using SF and sTfR according to the formula in Cook et al. (15): Bl (mg/kg) = —[log10(sTfR X 1000/fferritin) — 2.8229]/0.1207. This formula
used an sTfR assay described in Flowers et al. (20). 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. (21), the Ramco assay was similar to Flowers et al. Ramco and Beckman Coulter assays were
part of a WHO study that used a standard reference reagent for sTfR (22). The Ramco assay yielded sTfR concentrations 4.3 times higher than those of Beckman
Coulter, so the Flowers sTfR equivalent was calculated by the following formula: Flowers sTfR = 4.3 X Beckman Coulter sTfR.
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FIGURE 2 Anemia prevalence at enrollment, during the early third
trimester, at or near term, and ~1 d after birth in women randomly
assigned to receive iron/folate or placebo/folate supplements during
pregnancy. Time of hemoglobin assessment is expressed as means =
SDs for weeks of gestation and for days after birth. *Iron/folate
different from placebo/folate, P < 0.01. Hb, hemoglobin.

maternal hemoglobin at or near term by 4.59 g/L in 1 review (7) and
8.88 g/L in another (9). In contrast, hemoglobin increased only 0.4 g/L.
in the other Hebei trial (10). Although the risk was reduced,
anemia was uncommon, only ~6.5%, with surprisingly little change
from enrollment despite the emergence of ID in the majority of
women. Direct comparisons between our study and that trial are
limited by important differences in methodology, but the marked
difference in anemia prevalence warrants further investigation.

Improvements in maternal hemoglobin and reductions in
anemia, ID, and IDA in our study and the meta-analyses can be
clinically meaningful. Shifting the hemoglobin curve to the right
should help reduce the number of pregnant women with severe
anemia and associated serious complications (1). Better iron
status and less anemia may also contribute to maternal well-
being in other ways, such as work performance, household
activities, and parenting (23, 24)

The reduction in platelets we observed with iron supplemen-
tation is unlikely to be clinically important, because counts were
in the normal range. An impact of prenatal iron supplements on

platelets was not mentioned in the systematic reviews or meta-
analyses of randomized clinical trials. However, reactive throm-
bocytosis has been reported with IDA; thrombocytopenia is also
seen with severe IDA (25-27).

Despite improved maternal iron status with iron supple-
mentation in our study, most women had marginal-to-poor
iron status at or near term. This was also observed in our
previous study in southeastern China (5) and in the other
Hebei trial (12). These findings point out the challenge of
meeting iron needs of pregnant women in China and else-
where. Dietary factors and pregnancy physiology (28) are
relevant, but the combination of relatively small or thin
mothers and large newborns may be important. Mean birth
weight in our sample was similar to the US mean (29), but
mean prepregnancy weight was 16.4 kg less than nonpregnant
US women in their 20s (30), BMI was considerably lower (in
kg/m?; 21.9 vs. 27.5) (30), and pregnancy weight gain was
~2 kg above the upper limit reccommended in the United States
(31). When thinner or smaller women and larger or heavier
women give birth to infants of similar size, thinner or smaller
women are likely to be at higher risk of ID. They enter
pregnancy with lower blood volume and body mass, and
hence, a lower total absolute amount of iron in their bodies
than larger women. Because the iron needs of the placenta and
fetus do not depend on maternal size, a thinner or smaller
woman has to transfer proportionally more of the iron in her
body to the placenta and fetus than a larger woman for a
similarly sized fetus. Our results suggest that lower maternal
BMI is a risk factor for poor iron status, despite iron
supplementation, especially if combined with high pregnancy
weight gain and good fetal growth.

The lack of significant group differences in neonatal iron
measures does not appear to be due to limited power. The
sample size was adequate to detect small effect sizes (d = 0.14) in
continuous newborn outcomes, including cord blood iron
measures. Thus, any missed differences in iron status would be
very small and not clinically meaningful.

Improvements in maternal iron status with prenatal iron
supplementation without group differences in fetal-neonatal

TABLE 3 Birth outcomes and cord blood iron status of neonates born to women who were randomly
assigned to receive placebo/folate or iron/folate supplements in pregnancy’

Placebo/folate, Iron/folate
(n=792) (n =803) P
Infant outcomes
Gestational age, wk 39.7 (39.6, 39.7) 39.6 (39.6, 39.7) 0.76
Birth weight, g 3368 (3341, 3395) 3355 (3330, 3383) 0.55
Birth length, cm 49.7 (49.6, 49.8) 49.7 (496, 49.8) 0.65
Cesarean delivery,2 n/total n (%) 527/799 (66.0) 571/815 (70.1) 0.08
Male, n/total n (%) 422/812 (52.0) 433/820 (52.8) 0.74
Cord blood iron status
Hemoglobin, g/L 152 (151, 153) 153 (152, 154) 0.14
Mean corpuscular volume, fL 102 (102, 103) 102 (102, 103) 0.98
ZPP/H,2 umol/mol heme 996 (97.2, 102.1) 97.0 (94.7, 99.3) 0.13
SF3 pg/L 103 (97.9, 108) 105 (101, 110) 0.43
STR,® nmol/L 30.9(30.2, 31.6) 30.5(29.8, 31.2) 0.44
Log(sTfR:SF) ratio —1.18 (-1.24, -1.13) —1.21(-1.27, -1.16) 0.44
Iron deficiency (SF <75 pg/L or ZPP/H >118 pmol/mol), n/total n (%) 352/782 (45.0) 371/789 (47.0) 0.42

" Values are means (95% Cls) for continuous variables and n/total n (%) for categorical variables unless otherwise indicated. Numbers (n)
vary slightly due to missing data. SF, serum ferritin; sTfR, serum transferrin receptor; ZPP/H, zinc protoporphyrin/heme.

2 per usual clinical practice in China, birth by cesarean delivery was common.

% Values are geometric means (95% Cls); t tests were conducted on log-transformed SF, sTfR, and ZPP/H.
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TABLE 4 Relations between iron capsules reported being
consumed (per 10 capsules) and maternal and neonatal iron
status outcome measures among women in the iron/folate group
with complete adherence data’

B (SE) P

Maternal iron measures at or near term

Hemoglobin, g/L 0.727 (0.188) <0.001

Mean corpuscular volume, fL 0.204 (0.074) 0.006

ZPP/H,2 umol/mol heme —0.042 (0.008) <0.001

SF2® pg/L 0.051 (0.012) <0.001

sTR,? nmol/L —0.023 (0.006) <0.001

BI, mg/kg 0.272 (0.062) <0.001
Cord blood iron measures

Hemoglobin, g/L —0.089 (0.265) 0.738

ZPP/H,2 umol/mol heme —0.011 (0.006) 0.065

SF? pg/L 2.60 (1.26) 0.040

"'n =380. The B and P values are based on multiple linear regression controlling for
days in the study and significant confounding factors. Maternal ZPP/H, SF, and sTfR
and cord ZPP/H were log-transformed to normalize the distribution. BI, body iron; SF,
serum ferritin; sTfR, serum transferrin receptor; ZPP/H, zinc protoporphyrin/heme.
2B Values (per 10 capsules) are based on log transformation of the indicated iron
status outcome measures.

®For SF outcomes, values >370 rg/L were excluded because they may indicate
infection or inflammation. Six cord blood SF values were excluded for this reason; no
maternal values were > 370 pg/L.

iron status underscore the complexities of iron regulation
between mother, placenta, and fetus. Previous cohort studies
reported little association between maternal and neonatal iron
status unless mothers are markedly anemic or have severe ID (3).
These findings indicate that the fetal blood compartment is
buffered until maternal iron status is very compromised.
Maternal iron status has been shown to influence iron transfer
to the fetus late in pregnancy by using stable isotopes (32), but
fetus and placenta also play a role. Placental iron transport is
upregulated as fetal iron status becomes compromised (33, 34),
resulting in more iron transfer to the fetus. This is at the expense
of the mother if external sources of iron are inadequate to meet
iron needs. These processes may help explain a lack of group
differences in cord blood iron status with prenatal iron supple-
mentation despite substantial differences in maternal iron status.

The findings do not mean, however, that infants receive no
benefit from maternal iron supplementation. Although effects
were small, the more iron capsules reportedly consumed, the
higher the cord blood SF (P = 0.04) and the lower the cord blood
ZPP/H (suggestive trend, P = 0.07). The analyses controlled for
factors that might influence both the number of capsules
reportedly consumed and outcome, including duration of study
participation, but causality cannot be inferred. Nonetheless, the
implication is that maternal iron supplementation may affect
neonatal iron status if “enough” iron is consumed. More
research is needed to determine how much iron is enough under
conditions of such high iron needs. It is also important to
emphasize that iron to the fetus is a concern not only for blood
but also for the brain (35). In fact, a large randomized clinical
trial in Nepal found that children of iron-supplemented mothers
had higher neurocognitive test scores at 7-9 y (36) than those
whose mothers did not receive iron. Thus, there could be
positive fetal effects of prenatal iron supplementation, even if
there is little or no demonstrable improvement in cord blood
measures of iron status.

We did not observe an increase in birth weight with iron
supplementation, in contrast to meta-analysis findings. As noted

above, power was adequate to detect a =55-g difference in birth
weight, but the actual group difference in birth weight was
trivial, 13.4 g. This small difference, which would not be
clinically meaningful regardless of sample size, and the power
calculation show that the lack of significance was not due to
limited statistical power. There was also no birth weight
difference in the other Hebei trial (10) and only in the poorest
women in another China study (11). It is unclear why some
studies found increased birth weight and/or reduced low birth
weight with iron supplementation but others did not. An
important factor may be differences in sample birth weight
characteristics. In both Hebei trials, there was little room for
improvement, because infants were generally healthy, mean
birth weights were >3200 g, and low birth weight was rare. Iron
supplementation may have little impact on birth weight in
similarly healthy populations.

Attrition was higher than anticipated, because we had not
appreciated that women often gave birth at a local health care
facility other than where they received initial prenatal care. That
a considerable proportion of study participants (~30%) chose
to give birth at a nonparticipating hospital is evidence that they
understood the voluntary nature of their study involvement.
Although drop-out rates were similar across study groups and
the randomized design was not compromised, the high drop-out
rate is a limitation of the study.

Reliance on maternal self-report regarding adherence and use
of medicinal iron or over-the-counter iron-containing supple-
ments is another study limitation, as is incomplete data for these
measures for the second 3-mo supplementation period. “Missingness”
appears to be due in part to birth at a participating hospital other
than Sanhe MCHC. However, poorer iron status in women with
missing adherence data suggests that some “missingness” was due
to poorer adherence. This could make our dose-response analyses
underestimate the true impact of consuming more iron capsules.
Analysis of primary outcomes by intention-to-treat is also likely to
provide a conservative estimate of the effects of prenatal iron
supplementation.

In addition, our study was not powered to detect differences
in serious adverse outcomes, which were infrequent. Despite a
more comprehensive panel of iron measures in both mothers and
neonates than in other studies, we did not obtain some sensitive
iron measures, such as reticulocyte hemoglobin and reticulocyte
ZPP/H (37) or hepcidin.

In sum, our study showed that prenatal iron supplementation
improved maternal hemoglobin and iron status and reduced
anemia, ID, and IDA. However, our results emphasize that
“improved” does not mean “problem solved.” The majority of
women and >45% of the neonates had indications of ID,
regardless of supplementation. These results point to challenges
in preventing ID and IDA among pregnant women and neonates
in at-risk populations.
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