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ABSTRACT
Both iron deficiency (ID) and excess can lead to impaired health sta-
tus. There is substantial evidence of a U-shaped curve between the
risk of adverse birth outcomes and maternal hemoglobin concentra-
tions during pregnancy; however, it is unclear whether those relations
are attributable to conditions of low and high iron status or to other
mechanisms. We summarized current evidence from human studies
regarding the association between birth outcomes and maternal he-
moglobin concentrations or iron status. We also reviewed effects of
iron supplementation on birth outcomes among women at low risk of
ID and the potential mechanisms for adverse effects of high iron sta-
tus during pregnancy. Overall, we confirmed a U-shaped curve for the
risk of adverse birth outcomes with maternal hemoglobin concentra-
tions, but the relations differ by trimester. For low hemoglobin con-
centrations, the link with adverse outcomes is more evident when
hemoglobin concentrations are measured in early pregnancy. These
relations generally became weaker or nonexistent when hemoglobin
concentrations are measured in the second or third trimesters. Asso-
ciations between high hemoglobin concentration and adverse birth
outcomes are evident in all 3 trimesters but evidence is mixed. There
is less evidence for the associations between maternal iron status and
adverse birth outcomes. Most studies used serum ferritin (SF) con-
centrations as the indicator of iron status, which makes the interpre-
tation of results challenging because SF concentrations increase in
response to inflammation or infection. The effect of iron supplemen-
tation during pregnancy may depend on initial iron status. There are
several mechanisms through which high iron status during pregnancy
may have adverse effects on birth outcomes, including oxidative stress,
increased blood viscosity, and impaired systemic response to inflamma-
tion and infection. Research is needed to understand the biological pro-
cesses that underlie the U-shaped curves seen in observational studies.
Reevaluation of cutoffs for hemoglobin concentrations and indicators
of iron status during pregnancy is also needed. Am J Clin Nutr
2017;106(Suppl):1694S–702S.
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INTRODUCTION

Both iron deficiency (ID) and iron excess can lead to impaired
health status. Achieving optimal health outcomes requires a
delicate balancing act so that iron intakes are neither too low nor

too high as illustrated in Figure 1 for immune function (1). It has
also been known for decades that there tends to be a U-shaped
curve between the risk of adverse birth outcomes and maternal
hemoglobin concentrations during pregnancy, with a higher risk
of low birth weight (LBW) and preterm birth (PTB) observed
among women with both low and high hemoglobin concentra-
tions (2–5) as illustrated in Figure 2. Less clear is whether those
relations are attributable to conditions of low and high iron
status or to other mechanisms.

This review, conducted to support discussions at an NIH
workshop, summarizes current evidence from human studies
regarding the association between birth outcomes and maternal
hemoglobin concentrations or indicators of iron status. We also
briefly consider recent evidence regarding the effects of iron
supplementation on birth outcomes among women at low risk of
ID in early pregnancy. Lastly, we comment on potential mech-
anisms for adverse effects of high iron status during pregnancy
and highlight some of the knowledge gaps and research needs.

ASSOCIATIONS BETWEEN MATERNAL HEMOGLOBIN
OR IRON STATUS AND ADVERSE BIRTH OUTCOMES

Our review included observational studies in which selected
birth outcomes [LBW, PTB, small-for-gestational age (SGA),
and stillbirth] were examined relative to hemoglobin and iron
status as defined by the researchers. We used 2 electronic da-
tabases (PubMed and Web of Science) to search for articles in
English with no restriction on year of publication. Our specific
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search terms were: (“hemoglobin” or “anemia” or “iron status”
or “iron deficiency”) and (“preterm birth” or “birth weight” or
“stillbirth” or “small for gestational age” or “birth outcomes”).
We also used the “snowball” technique of checking references
cited in review articles or other research articles. We excluded
studies that did not control for potentially confounding vari-
ables. In addition, we focused on studies that provided clear
information on the timing of assessment of maternal hemoglobin
or iron status during pregnancy, so that we could examine the
nature of the associations with birth outcomes separately by
the trimester when hemoglobin or iron status was measured.
Twenty-seven observational studies were reviewed in total.
Additionally, we reviewed data from recent trials we conducted
in Ghana, Malawi, and Bangladesh (6–8), because these data
included an indicator of iron status, soluble transferrin receptor
(sTfR), not previously reported by any study examining the
association between high iron status and birth outcomes and
measured in only one study examining the association between
low iron status and birth outcomes (9).

Tables 1–3 summarize the associations with maternal he-
moglobin concentrations from 10 studies in the United States
and Western Europe, 6 in Asia, one in Africa, one in South
America, and one in the Middle East. In the first trimester (Table
1), a low hemoglobin concentration was significantly associated
with LBW in all 3 of the studies that examined that relation and
with PTB in 3 of the 5 studies that included that outcome. By
contrast, in the second trimester (Table 2), low hemoglobin
concentration was not associated with LBW in any of the 6
studies that examined that relation, and the associations with
PTB, SGA, and stillbirth were inconsistent, with most studies
showing no relation. A high hemoglobin concentration in the
first trimester was associated with adverse birth outcomes in a

few studies. In the second trimester, a high hemoglobin con-
centration was significantly associated with LBW in 2 of the 3
studies that examined that outcome, and there were mixed re-
sults for associations with PTB, SGA, and stillbirth.

In the third trimester (Table 3), very few studies demonstrated
a link between a low hemoglobin concentration and a higher
risk of LBW (1 of 6 studies), PTB (3 of 11 studies), SGA (1 of 8
studies), or stillbirth (0 of 3 studies); and in some cases, a low
hemoglobin concentration was linked to a lower risk of adverse
birth outcomes. A high hemoglobin concentration in the third
trimester was significantly associated with stillbirth in 2 studies
but inconsistently associated with LBW and PTB. For SGA, no
relation was found in 3 studies.

Overall, there is substantial evidence for a U-shaped curve for
the risk of adverse birth outcomes with maternal hemoglobin
concentration, but the relations differ by trimester. For a low
hemoglobin concentration, the link with adverse outcomes is
more evident when the hemoglobin concentration was measured
in early pregnancy, with these relations generally being much
weaker or nonexistent when the hemoglobin concentration was
measured in the second or third trimesters. Linkages between a
high hemoglobin concentration and adverse birth outcomes are
evident in all 3 trimesters, but the evidence is mixed.

The cutoffs used to define low or high hemoglobin concen-
trations in these studies differed considerably, which may have
affected the likelihood of detecting relations with birth outcomes.
In studies that performed analyses using multiple cutoffs, often
only the more extreme cutoffs were significantly associated with
adverse birth outcomes (5, 12, 17, 18). This is supported by a
2012 meta-analysis of 12 studies, which indicated that moderate
to severe, but not mild, maternal anemia was associated with an
increased risk of SGA (29). In a very large study conducted in the

FIGURE 1 A delicate balancing act. Reproduced from reference 1 with permission.
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United Kingdom that demonstrated a U-shaped curve for the
relation between the maternal hemoglobin concentration and
LBW across many different racial-ethnic groups, the lowest
incidence of LBW was among women with hemoglobin con-
centrations of 95–105 g/L (2). It is noteworthy that the WHO
cutoff for anemia is ,110 g/L, and these women all had he-
moglobin concentrations below that cutoff.

The concept that the relation between the maternal hemoglobin
concentration and birth outcomes differs depending on the time
during pregnancy when hemoglobin concentration is assessed is
supported by 2 very large studies that examined each trimester
separately. Scanlon et al. (14) evaluated the risk of SGA and PTB
among 173,371 pregnant women in the United States according
to maternal hemoglobin concentration categorized into 7 levels:
very low, low, low-normal, normal (reference group), high-
normal, high, and very high. Women with a high or very high
hemoglobin concentration in the first or second trimester had an
elevated risk of SGA; this was less evident for the hemoglobin
concentration in the third trimester, but those with a hemoglobin
concentration below the reference range in late pregnancy had a
lower risk of SGA. For PTB, thosewith a hemoglobin concentration

lower than the reference range in the first or second trimester had an
elevated risk of PTB, whereas those with a high hemoglobin
concentration (but not those with a very high hemoglobin con-
centration) in the third trimester were at highest risk. Different
associations by trimester were also found in a study of 164,667
women in China (17, 18); for both PTB and stillbirth, elevated risks
were seen among women with a low hemoglobin concentration in
the first trimester, but there was little association with the hemo-
globin concentration in the second trimester, and the relations were
reversed in the third trimester (i.e., elevated risks were associated
with higher hemoglobin concentrations). Some of these shifts (as
gestation progresses) in the slope of the relation between birth
outcomes and the maternal hemoglobin concentration may be
related to plasma volume expansion. The maternal plasma volume
normally expands during pregnancy [mainly in the second and third
trimesters (30, 31)] and is associated with lower concentrations of
hemoglobin and other biomarkers. Thus, a high hemoglobin
concentration in the second and third trimesters could be a marker
of inadequate plasma volume expansion, which is associated with
adverse birth outcomes.

Compared with hemoglobin, there is less evidence of the as-
sociations betweenmaternal iron status and adverse birth outcomes,
with 5 studies inNorthAmerica andWestern Europe, 1 in Australia,
1 in Africa, and 1 in Asia (Table 4). Generally, the serum ferritin
(SF) concentration was used as an indicator of iron status, but
some studies included other indicators, such as zinc protopor-
phyrin. In the first trimester, a low SF concentration was related to
an increased risk of SGA in 1 of 2 studies, and a high SF was
associated with PTB in another study, but no other significant
associations were observed. In the second trimester, a low SF
concentration was related to LBW and PTB (but not SGA) in one
study, but no associations were observed in the other 2 studies
examining these outcomes; a high SF concentration was related to
an increased risk of LBW in 1 of 2 studies and PTB in 2 of 3
studies. In the third trimester, none of the 3 studies reported a
significant association between low iron status and the risk of
LBW or PTB, whereas a high SF concentration was associated
with an increased risk of these outcomes in the 3 studies that
examined these relations.

Most of the above studies used the SF concentration as the
indicator of iron status, and all of the reported associations be-
tween high iron status and adverse birth outcomes were based
on a high SF concentration. This complicates the interpretation of
the results because SF is an acute-phase protein that increases in
response to inflammation or infection (37, 38), and thus the
relations with adverse birth outcomes may reflect these condi-
tions (or inadequate plasma volume expansion) rather than high
iron status.

We analyzed the associations between maternal hemoglobin or
iron status and birth outcomes in 3 recent trials in Ghana, Malawi,
and Bangladesh (Table 5). The primary indicator of iron status
in early (#20 wk of gestation) and late (34–36 wk of gestation)
pregnancy was sTfR, which increases with ID, but additional
indicators included zinc protoporphyrin (Ghana and Malawi)
and SF (Bangladesh). Analyses were conducted by using linear
regression models to evaluate whether the hemoglobin concen-
tration or iron status (as continuous variables) was significantly
related to birth outcomes. In early pregnancy, a higher hemo-
globin concentration was associated with a longer duration of
gestation in all 3 cohorts and with higher birth weight and

FIGURE 2 ORs for stillbirth (A), preterm birth (B), and SGA (C), by
maternal hemoglobin concentration. SGA, small-for-gestational-age. Repro-
duced from reference 4 with permission.
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length-for-age z score (LAZ) in Malawi. Higher iron status in
early pregnancy was associated with a longer duration of ges-
tation in Malawi and Bangladesh and a higher birth weight,
LAZ, and head-circumference-for-age z score in Malawi. In late
pregnancy, there was a nonlinear relation of the hemoglobin

concentration with the duration of gestation in Ghana (but not
Malawi or Bangladesh) and no association with any other birth
outcome in any of the sites. Higher iron status in late pregnancy
was associated with a shorter duration of gestation in Bangla-
desh and a longer duration in Malawi and with lower birth

TABLE 1

Associations of a low or high hemoglobin concentration in the first trimester with birth outcomes1

Study (ref), year

Hemoglobin

cutoffs n Country

Low hemoglobin2 High hemoglobin2

LBW PTB SGA Stillbirth LBW PTB SGA Stillbirth

Delpisheh et al. (10), 2008 ,110 g/L 270 England [
Hämäläinen et al. (11), 2003 ,100 g/L 597 cases, 22,202

controls

Finland [ o o o

Maghsoudlou et al. (12), 2016 ,110, $140 g/L 495 cases, 2888

controls

Iran o o

Ren et al. (13), 2007 ,110, $120 g/L 88,149 China [ [ [ o o o

Scanlon et al. (14), 2000 ,21, .1 SD

from the

reference group

173,031 United States [ o o [

Stephansson et al. (15), 2000 #115, $146 g/L 702 cases, 702

controls

Sweden ([) ([)

Tomashek et al. (16), 2006 ,110, $146 g/L 1375 cases, 4199

controls

United States o ([)

Zhang et al. (17), 2009 ,90, $130 g/L 160,700 China ([) Y
Zhang et al. (18), 2009 ,90, $120 g/L 1354 cases, 163,313

controls

China ([) o

Zhou et al. (19), 1998 ,110, $120 g/L 829 China [ [ o ([) ([) o

1[ indicates a positive association (higher OR or RR of birth outcome), P , 0.05; ([) indicates a marginally significant positive association, 0.05 $

P, 0.10; Y indicates a negative association (lower OR or RR for birth outcome), P, 0.05; (Y) indicates a marginally significant negative association, 0.05$

P , 0.10; o indicates no association; a blank cell indicates the relation was not examined. LBW, low birth weight; PTB, preterm birth; ref, reference; SGA,

small-for-gestational-age.
2 Low and high hemoglobin concentrations as defined by each study. Cutoffs used for each definition are provided in the second column.

TABLE 2

Associations of a low or high hemoglobin concentration in the second trimester with birth outcomes1

Study (ref), year

Hemoglobin

cutoffs n

Country or study

type

Low hemoglobin2 High hemoglobin2

LBW PTB SGA Stillbirth LBW PTB SGA Stillbirth

Abeysena et al. (20), 2010 110, .139 g/L 817 Sri Lanka o o o [ o o

Alwan et al. (21), 2015 ,110 g/L 362 England o ([)
Chang et al. (5), 2003 ,105, .120 g/L 918 United States o o o [ [ o

Gonzales et al. (4), 2009 ,110, .129 g/L 35,449 Peru [ [ [ [ [ [
Hämäläinen et al. (11), 2003 ,100 g/L 597 cases, 22,202

controls

Finland o o o o

Little et al. (22), 2005 No definition 222,614 England o o

Scanlon et al. (14), 2000 ,21, .1 SD

from the

reference group

173,031 United States [ o o [

Scholl et al. (23), 1992 ,105 g/L 826 United States o o o

Tomashek et al. (16), 2006 ,105, $146 g/L 1375 cases, 4199

controls

United States ([) ([)

Verhoeff et al. (24), 2001 ,80 g/L 1423 Malawi o [
Xiong et al. (25), 2000 ,100–110 g/L NA Meta-analysis o [ o

Zhang et al. (17), 2009 ,100, $120 g/L 160,700 China o o

Zhang et al. (18), 2009 ,100, $120 g/L 1354 cases, 163,313

controls

China o o

Zhou et al. (19), 1998 ,100, $120 g/L 829 China o o o o o o

1[ indicates a positive association (higher OR or RR of birth outcome), P , 0.05; ([) indicates a marginally significant positive association, 0.05 $

P, 0.10; Y indicates a negative association (lower OR or RR for birth outcome), P, 0.05; (Y) indicates a marginally significant negative association, 0.05$

P, 0.10; o indicates no association; a blank cell indicates the relation was not examined. LBW, low birth weight; NA, not applicable; PTB, preterm birth; ref,

reference; SGA, small-for-gestational-age.
2 Low and high hemoglobin concentrations as defined by each study. Cutoffs used for each definition are provided in the second column.
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weight (Ghana and Bangladesh), LAZ (Ghana and Bangladesh),
and head-circumference-for-age z score (Bangladesh). Overall, a
higher hemoglobin concentration and iron status measured in
early pregnancy were generally associated with better birth
outcomes, whereas when these indexes were measured in late
pregnancy (Table 5), the hemoglobin concentration was not
associated with birth outcomes and the higher iron status was
associated with smaller birth size. The relations with iron status
in late pregnancy were based not only on higher SF but also
lower sTfR concentrations, and the latter cannot be explained by
inadequate plasma volume expansion. Thus, these results support
and strengthen the evidence from published studies indicating that
the relations between birth outcomes and the maternal hemoglobin
concentration or iron status differ depending on the trimester of
pregnancy when these indexes are assessed.

POTENTIAL EFFECTS OF IRON SUPPLEMENTATION
ON BIRTH OUTCOMES AMONG WOMEN AT LOW RISK
OF ID IN EARLY PREGNANCY

Observational studies such as those described in the section
above have inherent limitations that make it difficult to draw causal
inferences regarding the potential effects of high iron status during
pregnancy. Randomized controlled trials of iron supplementation
thus provide critical information for this question.

Currently, WHO recommends daily supplementation with
30–60 mg elemental Fe/d (plus 400 mg folic acid) throughout
pregnancy, and in settings where anemia in pregnant women is a
severe public health problem (prevalence of 40% or higher), the
daily dose of 60 mg is recommended instead of a lower dose
(39). These recommendations were based on a Cochrane Review
published in 2012, which reported that women assigned to daily

iron supplementation during pregnancy had a reduced risk of
giving birth to infants with LBW (RR: 0.81; 95% CI: 0.68, 0.97;
11 studies), maternal anemia at term (RR: 0.30; 95% CI: 0.19,
0.46; 14 studies), and maternal ID at term (RR: 0.43; 95% CI:
0.27, 0.66; 7 studies) (40). This review also reported an in-
creased risk of side effects (RR: 2.36; 95% CI: 0.96, 5.82; 11
studies) and a high hemoglobin concentration (.130 mg/L)
during the second and third trimesters of pregnancy (RR: 2.26;
95% CI: 1.40, 3.66; 10 studies). When this review was updated
in 2015, the reduced risk of LBW became borderline significant
(RR: 0.84; 95% CI: 0.69, 1.03; 11 studies) (41). There was no
significant effect on any other birth outcomes. The authors of the
2015 review concluded that iron supplementation reduces the
risk of maternal anemia and ID in pregnancy, but the positive
effect on other maternal and infant outcomes is less clear. They
stated that “implementation of iron supplementation recom-
mendations may produce heterogeneous results depending on
the populations’ background risk for LBW and anemia, as well
as the level of adherence to the intervention.” The effect of iron
supplementation may depend on a woman’s initial iron status. If
her iron status is low, additional iron is probably beneficial, but if
she is iron replete, it may be harmful. In meta-analyses in which
all studies (and all individuals) are pooled together, there may be
no overall main effects, but this may mask considerable hetero-
geneity in response.

Several studies suggest that iron supplementation among preg-
nant women at low risk of ID may adversely affect birth outcomes.
Ziaei et al. (42) conducted a randomized controlled trial to evaluate
effects of iron supplementation on pregnancy outcomes of Iranian
women (n = 750) with a hemoglobin concentration$132 g/L early
in the second trimester randomly assigned to receive 50 mg Fe or
placebo daily for the rest of pregnancy. The group who received

TABLE 3

Associations of a low or high hemoglobin concentration in the third trimester with birth outcomes1

Study (ref), year

Hemoglobin

cutoffs n

Country or study

type

Low hemoglobin2 High hemoglobin2

LBW PTB SGA Stillbirth LBW PTB SGA Stillbirth

Alwan et al. (21), 2015 ,105 g/L 362 England (Y) o

Chang et al. (5), 2003 #95, .120 g/L 918 United States o [ o [ [ o

Hämäläinen et al. (11), 2003 ,100 g/L 597 cases, 22,202

controls

Finland o o o o

Hwang et al. (26), 2010 ,100 g/L 377 cases, 3183

controls

Korean [ [

Maghsoudlou et al. (12), 2016 ,110, $140 g/L 495 cases, 2888

controls

Iran Y [

Mohamed et al. (27), 2012 ,110, $120 g/L 17,338 United States [ [ Y Y
Scanlon et al. (14), 2000 ,21, .1 SD

from the

reference group

173,031 United States o Y o o

Scholl and Hediger (28), 1994 ,110 g/L 755 United States o o

Verhoeff et al. (24), 2001 ,80 g/L 1423 Malawi o o

Xiong et al. (25), 2000 ,100–110 g/L NA Meta-analysis (Y) (Y) o

Zhang et al. (17), 2009 ,100, $120 g/L 160,700 China Y o

Zhang et al. (18), 2009 ,100, $120 g/L 1354 cases, 163,313

controls

China Y [

Zhou et al. (19), 1998 ,100, $120 g/L 829 China o o o o o o

1[ indicates a positive association (higher OR or RR of birth outcome), P , 0.05; ([) indicates a marginally significant positive association, 0.05 $

P, 0.10; Y indicates a negative association (lower OR or RR for birth outcome), P, 0.05; (Y) indicates a marginally significant negative association, 0.05$

P, 0.10; o indicates no association; a blank cell indicates the relation was not examined. LBW, low birth weight; NA, not applicable; PTB, preterm birth; ref,

reference; SGA, small-for-gestational-age.
2 Low and high hemoglobin concentrations as defined by each study. Cutoffs used for each definition are provided in the second column.
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iron had significantly higher mean hemoglobin concentrations in
the third trimester (137.5 compared with 125.6 mg/L, P , 0.001)
but also were more likely to deliver an SGA infant (15.7% com-
pared with 10.3%, P = 0.035) and to have hypertension disorder
(2.7% compared with 0.8%, P = 0.05). There were no significant
effects on the duration of pregnancy, preterm labor, or birth
weight.

Shastri et al. (43) examined the association of oral iron sup-
plementation with birth outcomes in nonanemic South Indian
pregnant women. This was an observational study of 1196
nonanemic pregnant women (with a hemoglobin concentration
$110 g/L in first trimester), all of whom had been prescribed
45 mg Fe/d plus 0.5 mg folic acid/d at the beginning of the
second trimester. The investigators examined birth outcomes by

TABLE 5

Associations of maternal hemoglobin concentration and iron status with pregnancy outcomes in Ghana, Malawi, and Bangladesh [unpublished data (6–8)]1

Duration of gestation Birth weight LAZ HCZ

Ghana Malawi Bangladesh Ghana Malawi Bangladesh Ghana Malawi Bangladesh Ghana Malawi Bangladesh

Early pregnancy

Hemoglobin + + + o + o o + o o (+) o

Higher iron status (lower ZPP) o + NA o o NA o (+) NA o o NA

Higher iron status (lower sTfR) o + o o + o (2) + o o + o

Higher iron status (higher SF) NA NA + NA NA (2) NA NA 2 NA NA o

Late pregnancy

Hemoglobin Not linear o o o o o o o o o o o

Higher iron status (lower ZPP) o + NA (2) o NA (2) o NA o o NA

Higher iron status (lower sTfR) o (+) o 2 o 2 2 o 2 (2) o 2
Higher iron status (higher SF) NA NA 2 NA NA 2 NA NA 2 NA NA 2

1 + indicates a positive association, P, 0.05; (+) indicates a marginally significant positive association, 0.05$ P, 0.10;2 indicates a negative association,

P , 0.05; (2) indicates a marginally significant negative association, 0.05 $ P , 0.10; o indicates no association. HCZ, head-circumference-for-age z score;

LAZ, length-for-age z score; NA, not available (the relation was not examined); SF, serum ferritin; sTfR, soluble transferrin receptor; ZPP, zinc protoporphyrin.

TABLE 4

Associations of low or high iron status, by trimester, with birth outcomes1

Study (ref), year Iron status cutoffs n

Country or

study type

Low iron status2 High iron status2

LBW PTB SGA Stillbirth LBW PTB SGA Stillbirth

First trimester

Alwan et al. (21), 2015 SF ,15 mg/L 362 England o [
Khambalia et al. (9), 2015 SF ,12 mg/L,

sTfR $21.0

nmol/L, SF $75th

percentile

2254 Australia — [

Khambalia et al. (32), 2016 SF ,12 mg/L,

sTfR $21.0 nmol/L,

TBI ,0 mg/kg

4420 Australia o o

Second trimester

Goldenberg et al. (33), 1996 SF by quartiles 580 United States o o [ [
Scholl et al. (23), 1992 SF ,12 mg/L 826 United States [ [ o

Scholl (34), 1998 SF $90th percentile 1162 United States o o

Tamura et al. (35), 1996 SF median cutoff 31 cases, 63

controls

United States [

Verhoeff et al. (24), 2001 EP .2.7 mg ZPP/g

hemoglobin and

MCHC ,32 g/dL

1423 Malawi o o

Third trimester

Goldenberg et al. (33), 1996 SF by quartiles 580 United States o o [
Lao et al. (36), 2000 SF by quartiles 488 China o [
Scholl (34), 1998 SF $90th percentile 1162 United States [ [
Verhoeff et al. (24), 2001 EP .2.7 mg ZPP/g

hemoglobin and

MCHC ,32 g/dL

1423 Malawi o o

1[ indicates a positive association (higher OR or RR of birth outcome), P , 0.05; ([) indicates a marginally significant positive association, 0.05 $

P, 0.10; Y indicates a negative association (lower OR or RR for birth outcome), P, 0.05; (Y) indicates a marginally significant negative association, 0.05$

P , 0.10; o indicates no association; a blank cell indicates the relation was not examined. EP, erythrocyte protoporphyrin; LBW, low birth weight; MCHC,

mean corpuscular hemoglobin concentration; PTB, preterm birth; ref, reference; SF, serum ferritin; SGA, small-for-gestational-age; sTfR, soluble transferrin

receptor; TBI, total body iron stores; ZPP, zinc protoporphyrin.
2 Low and high iron status as defined by each study. Cutoffs used for each definition are provided in the second column.
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tertile of actual supplemental iron intake (means: 33.6, 37.8, and
41.5 mg/d), adjusting for potential confounders, and found that
infants of mothers in the highest tertile had a lower birth weight
(272 g), shorter duration of gestation (20.6 wk), and higher risk
of term LBW [16.8% compared with 8.5%; adjusted OR: 1.89;
95% CI: 1.26, 2.83] compared with infants of mothers in the
lowest tertile of supplemental iron intake.

In the International Lipid-Based Nutrient Supplements-DYAD
trial in Ghana, we also observed a discordance between in-
creasing maternal hemoglobin concentration or iron status in-
dicators and birth outcomes. In this study population, the prevalence
of ID anemia at enrollment was relatively low [w6%, with the use
of a cutoff for anemia of hemoglobin concentration at,100 g/L as
is recommended for African populations (44, 45)]. Women who
received 60 mg Fe [iron-folic acid capsule (IFA)] from#20 wk of
gestation until delivery had a lower prevalence of ID and anemia at
36 wk of gestation than women who received 20 mg Fe in either a
lipid-based nutrient supplement (LNS) or a multiple-micronutrient
capsule (46), but birth size was significantly greater in the LNS
group compared with the IFA group especially among primiparous
women (6). It is not possible to disentangle the effects of a lower
compared with a higher dose of iron from those of the additional
micronutrients provided via the LNS or multiple-micronutrient
capsule, but the results illustrate that reducing maternal anemia
and ID in the IFA group did not translate into greater birth size or a
longer duration of gestation.

POTENTIAL MECHANISMS FOR ADVERSE EFFECTS
OF EXCESS IRON DURING PREGNANCY

There are several mechanisms through which excess iron intake
or high iron status during pregnancy may have adverse effects on
birth outcomes. Although iron absorption is normally carefully
regulated based on iron status, during pregnancy a substantial
amount of iron may be absorbed even if a woman is iron replete
because maternal hepcidin, which helps regulate iron absorption, is
at least partially suppressed during pregnancy (47). As a result, the
hemoglobin concentration may increase with prenatal iron sup-
plementation even in iron-replete women (42). The resulting high
hemoglobin concentration may increase blood viscosity and
compromise placental blood flow (2). Second, excess iron intake
may contribute to oxidative stress via postprandial increases in
circulating non–transferrin bound iron, which can lead to lipid
peroxidation and DNA damage of placental cells (48, 49). Third,
iron overload may impair the systemic response to inflammation
and infection (1), which could be associated with adverse birth
outcomes (50, 51). Finally, there is also the potential for excess
iron to alter the maternal gut microbiome (52) as well as increase
the risk of copper and zinc deficiency (53), which may have im-
plications for birth outcomes (54, 55).

CONCLUSIONS, KNOWLEDGE GAPS, AND RESEARCH
NEEDS

In summary, our review confirms strong evidence of a
U-shaped curve for the risk of adverse birth outcomes with
maternal hemoglobin concentration, but the relations differ by
trimester. For a low hemoglobin concentration, the link with
adverse outcomes is more evident when the hemoglobin con-
centration is measured in early pregnancy. These relations

generally became weaker or nonexistent when the hemoglobin
concentration is measured in the second or third trimester. As-
sociations between a high hemoglobin concentration and adverse
birth outcomes are evident in all 3 trimesters, but the evidence is
mixed. There is less evidence for associations between maternal
iron status and adverse birth outcomes. Most studies used the SF
concentration as the indicator of iron status, which makes the
interpretation of the results challenging because SF increases in
response to inflammation, infection, or inadequate plasma volume
expansion. However, recent evidence from 2 different countries
suggests that high iron status as assessed by low sTfR (a less
problematic indicator in this situation) in late pregnancy is related to
smaller birth size, which is concerning. The effect of iron sup-
plementation during pregnancy may depend on initial iron status,
and there are several potential mechanisms through which excess
iron intake or high iron status during pregnancy may have adverse
effects on birth outcomes, including oxidative stress, increased
blood viscosity, impaired systemic response to inflammation and
infection, and alterations in the maternal microbiome.

A limitation of this review is that, because of time limitations,
the literature search did not follow all of the steps recommended
for a formal systematic review. In particular, only one person read
all of the articles and extracted the data presented. However, we
note that additional work is moving forward with the WHO (56)
that will build off this initial review to further explore maternal
hemoglobin cutoffs.

Several knowledge gaps need to be addressed to clarify the
relations between maternal hemoglobin concentration, iron sta-
tus, and birth outcomes. Reevaluation of the most appropriate
cutoffs for hemoglobin concentration and indicators of iron status
during pregnancy is urgently needed, taking into account the
range of values that is associated with optimal birth outcomes.
Research is needed to understand the biological processes that
underlie the U-shaped curves seen in observational studies: 1)
is the higher risk of adverse outcomes at higher levels of he-
moglobin concentration or certain iron indicators (e.g., SF)
mainly the result of inadequate plasma volume expansion? 2) to
what extent do the causes of failure to expand plasma volume
(e.g., poor nutrition, diabetes, preeclampsia) contribute to ad-
verse pregnancy outcomes? and 3) is the higher risk of adverse
outcomes associated with higher concentrations of SF caused by
inflammation or infection, rather than high iron status? Further
investigation is also warranted with regard to potential mecha-
nisms for adverse effects of supplemental iron and/or a high
hemoglobin concentration during pregnancy, as described in
the section above. Lastly, strategies to reduce the potentially
adverse effects of prenatal iron supplementation should be
evaluated, including consideration of the optimal dose and
timing of iron supplementation, the effects of providing other
nutrients simultaneously, the safety and efficacy of novel iron
compounds, and the effects of iron-fortified foods compared
with supplementation.
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