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Predictors of anemia and iron status at birth in neonates born
to women carrying multiple fetuses
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BACKGROUND: Iron (Fe) status of neonates born to women carrying multiple fetuses might be compromised as a consequence of
the high prevalence of maternal Fe deficiency and anemia coupled with an increased risk of preterm birth. This study aimed to
characterize and identify determinants of anemia in this neonatal population.
METHODS: Umbilical cord blood obtained from 183 neonates was utilized to assess hemoglobin (Hb), ferritin (SF), soluble
transferrin receptor (sTfR), hepcidin, serum Fe, erythropoietin, folate, vitamin B-12, C-reactive protein, and interleukin-6. Associations
with maternal Fe status were explored.
RESULTS: Cord Hb or SF did not change significantly as a function of gestational age at birth (25–38 wks). Neonates born to women
who were obese prior to pregnancy or smoked cigarettes during pregnancy had a 4–5-fold greater odds of anemia at birth. Cord
sTfR was the strongest indicator of cord Hb (P < 0.0001), and it was significantly associated with maternal sTfR at mid-gestation (P=
0.01) and delivery (P= 0.002). Cord Fe indicators were significantly associated with cord hepcidin, but not maternal hepcidin.
CONCLUSION: Screening for Fe status in neonates born to women carrying multiple fetuses is warranted, especially for those born
to smokers or to women who are obese at entry into pregnancy.
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INTRODUCTION
Multiple births currently account for nearly 3.5% of all births in the
US.1 The health of neonates born to women carrying multiple
fetuses is of concern as this group alone is responsible for 15% of
all preterm births (PTB) and 20% of all low birth weight (LBW)
infants born in the US.2 To date, little attention has been placed on
the unique nutritional concerns of this population. Iron (Fe) in
particular merits attention, given its role in early brain growth and
function.3 Maternal anemia also significantly increases risk of LBW
and PTB.4, 5 Evidence suggests that neonatal Fe status may be
compromised as a consequence of maternal Fe deficiency (ID).6, 7

Fetal Fe accretion increases nearly 10-fold from 0.8 mg/day in
the 1st trimester to roughly 7.5 mg/day during the 3rd trimester.8

Little is known about the ability of the pregnant gravida to modify
Fe partitioning in order to supply multiple fetuses with sufficient
Fe at birth. As PTB is prevalent among women with multiple
gestations and most Fe is accrued over late pregnancy, early
delivery may predispose these neonates to suboptimal Fe stores
at birth. A growing literature emphasizes the unique Fe
partitioning that occurs in utero to allow Fe to be prioritized for
erythropoiesis at the cost of fetal brain and cardiac Fe require-
ments.7, 9

Few studies have examined the prevalence of anemia in
neonates born to women carrying multiple fetuses. The latest
American Academy of Pediatrics (AAP) publication on ID and Fe
deficiency anemia (IDA) among infants 0–3 years of age high-
lighted an increased risk of anemia in preterm and small-for-
gestational age (SGA) infants but did not mention multiples as a
group at higher risk.10 The last published American College of
Obstetricians and Gynecologists (ACOG) practice bulletin on

anemia in pregnancy did not identify women carrying multiple
fetuses as an at-risk obstetric population and made no additional
Fe intake recommendations for this group.11 More data in this
higher risk population are needed.
We recently reported an increased risk of maternal anemia and

ID in a large cohort of women with multiple gestations.12 Given
the known associations between maternal and neonatal Fe status,
the high prevalence of PTB among multiples, and the increased
risk of poor neonatal Fe stores due to PTB, the goal of this study
was to characterize neonatal Fe status at birth and identify
significant determinants of ID and anemia in newborns born to
women carrying multiples fetuses. Because anemia is the last
stage of Fe depletion, additional normative data on Fe status in
vulnerable groups are needed in relation to gestational age (GA)
at birth and maternal Fe status across gestation.

SUBJECTS AND METHODS
Participants
Women (≥19 years) carrying twins, triplets, or quadruplets were
recruited between 2011 and 2014 from Strong Memorial Hospital
and Highland Hospital at the University of Rochester, in
Rochester, NY. Exclusion criteria included HIV infection, pre-
existing diabetes, malabsorption diseases, hemoglobinopathies,
or other medical problems known to affect Fe homeostasis. The
clinical trial registry number is NCT01582802. This study was
approved by the Institutional Review Boards of the University of
Rochester and Cornell University. Data on Fe status12 and
determinants of umbilical cord coiling13 in these women have
been published.
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All women were prescribed standard prenatal supplements
containing between 27 and 90mg of Fe. GA was determined as
previously described.12 Maternal pre-pregnancy body mass index
(ppBMI) was characterized as underweight ( < 18.5 kg/m2), normal
weight (18.5–24.9 kg/m2), overweight (25–29.9 kg/m2), or obese
(30–34.9 kg/m2).14 Birth weight, GA at birth, delivery mode, and
Apgar scores were abstracted from medical records. Delayed cord
clamping was not a standard practice for multiple gestations at
the time this study was implemented. Neonates were categorized
as preterm (<37 wks) or early term (37–39 wks).15 Growth rate at
birth was assessed using the Fenton growth charts and birth
weight <10th percentile was defined as SGA.16, 17 Discordant
growth between siblings was evaluated by subtracting the smaller
from the larger neonatal weight and then dividing by the larger
weight. Discordant growth was defined as a difference in birth
weight between twin, triplet, or quadruplet siblings >15 or 25%.18

A total of 186 neonates (64 sets of twins, 18 sets of triplets, and
1 set of quadruplets) born to 83 women (aged 30.3 ± 5.1 years)
were recruited. There were no significant differences in baseline
maternal characteristics between the entire cohort of 83 women
and the two sub-groups of participants that provided blood
samples during pregnancy and/or at delivery.12 Three cases of
neonatal mortality occurred resulting in a final study population of
183 neonates (53% were female). Umbilical cord blood samples
were not collected from 39 neonates at birth due to emergency
delivery conditions.

Cord blood collection and biochemical analyses
Cord hemoglobin (Hb) was measured at the Strong Memorial
Hospital clinical laboratory using Cell-Dyn 4000 system (Abbott,
Santa Clara, CA). Neonatal anemia was defined as a cord Hb < 13
g/dL using published reference data.19 Cord serum ferritin (SF) and
soluble transferrin receptor (sTfR) were analyzed using ELISAs
(Ramco, Stafford, TX) with the intra- and inter-assay coefficients of
variation 7.9% and 4.7% for SF, respectively, and 5.9% and 2.1% for
sTfR, respectively. Cord hepcidin was assessed using a hepcidin-25
enzyme immunoassay (Bachem, Torrance, CA). Hepcidin concen-
trations ≤ 0.39 ng/mL were categorized as undetectable and
assigned a value of 0.195 ng/mL. Serum Fe was measured using
graphite furnace atomic absorption spectrophotometry (Perkin
Elmer AAnalyst 800). A National Bureau of Standards reference
control of bovine liver serum (Standard Reference Material 1577c)
was used as a control.
Cord C-reactive protein (CRP) was measured using a Quantikine

ELISA kit with the intra- and inter-assay coefficients of variation
5.5% and 6.5%, respectively. Interleukin-6 (IL-6) was measured
using a high sensitivity Quantikine ELISA kit (R&D System, MN)
with the intra- and inter-assay coefficients of variation 7.4% and
7.7%, respectively. CRP values < 0.078mg/L and IL-6 values <
0.156 ng/mL were below the assay limit of detection and were
assigned values of 0.039 mg/L and 0.078 ng/mL, respectively.
Erythropoietin (EPO), folate, and vitamin B-12 were analyzed using
a Siemens Immulite® 2000 immunoassay system. Insufficiency was
defined when folate concentrations were <6.8 nmol/L or vitamin
B-12 concentrations were <146 pmol/L.20 Maternal Fe and
inflammation indicators were collected at scheduled prenatal
visits and were obtained on average at 24.4 ± 5.4 wks of gestation.
Maternal and cord blood samples were also obtained at delivery
(35.3 ± 2.3 wks). Biochemical measures in these samples were
analyzed as detailed.12 All Fe status indicators and inflammatory
markers were assayed in duplicate. For folate and vitamin B-12,
only 15% of the samples were assayed in duplicate.

Statistical analysis
Normality of distributions for each continuous study measure was
tested using the Shapiro–Wilk test and means were calculated
using a random-effects model to control for non-independence of
multiple siblings. Non-normally distributed data were logarithmic

transformed and the geometric means were calculated. Maternal
characteristics between the twins and triplets/quadruplets groups
were compared using a two-tailed t-test. The χ2 test of
independence was used for analyses involving categorical
variables. Because neonates born to the same mother are not
independent, neonatal characteristics between twins and triplets/
quadruplets groups were compared using a mixed model with
random effects. The same mixed model was used between
siblings to evaluate possible associations between cord and
maternal Fe status indicators, and the Bonferroni test (P < 0.002)
was used to correct for multiple comparisons. A generalized linear
mixed model was applied to control for the dependence of Fe
status between siblings and to identify significant determinants of
neonatal anemia. Potential confounders, including gestational
weight gain (GWG), gestational age, and birth weight, were
included in all models as covariates. The neonatal sample size was
sufficient to detect correlations on the order of 0.15–0.20, with an
alpha level of 0.05. All statistical analyses were performed using
JMP 12.0 (SAS Institute Inc, Cary, NC).

RESULTS
Maternal and neonatal characteristics
Maternal (n= 83) and neonatal (n= 183) characteristics are
presented in Table 1. Compared to women carrying twins, as
expected, women carrying higher order multiples (triplets and
quadruplets) had a significantly higher incidence of preterm/very
preterm delivery, cesarean section, and neonatal discordant
growth. Significantly fewer African-American women delivered
triplets and only one of them conceived using ARTs. Based on self-
reported pre-pregnancy weight, 20% of women were overweight
(n= 17/83) and 33% (n= 27/83) were obese. Compared to twins,
the triplets/quadruplet group had a significantly lower mean birth
weight (P= 0.0002).
In these 183 neonates, nearly 70% of neonates were born

prematurely (<37 wks) and the remainder were born early term
(37–38 wks). A quarter of the PTBs observed (n= 31/124) were
due to premature rupture of membranes and the remaining 36%
of PTB’s (n= 44/124) were due to other pregnancy related
complications including preeclampsia, HELLP, fetal death, intrau-
terine growth restriction, and peripartum cardiomyopathy, com-
plications that can occur in multiple births. The majority of
neonates studied (74%) were delivered by cesarean section. Twin
to twin transfusion syndrome was found in a set of monochor-
ionic, and a set of dichorionic twins and in both instances was
successfully treated by laser surgery early in pregnancy. Neonatal
birth weight averaged 2206.5 ± 571.5 g, 71% of neonates (n= 130/
183) were LBW and among these, 13% (n= 17/130) were very
LBW (<1500 g). In this group of neonates, 22% were born SGA.

Neonatal anemia, and cord Fe status and inflammation at birth
Neonatal anemia, Fe status, and inflammatory markers are
presented in Table 2. Anemia was found in 14% (n= 22/153) of
neonates at birth. No significant difference in the prevalence of
anemia was found between the preterm and early-term neonates
[16% (n= 16/102) vs. 12% (n= 6/51), P= 0.3] and Hb was not
significantly associated with GA at birth in this cohort (across the
range of 25–38 wks of gestation). The prevalence of anemia did
not significantly differ between LBW and normal-weight neonates
[14% (n= 15/110) vs. 16% (n= 7/43), P= 0.7]. Mean cord Hb in
our study population was compared to normative cord Hb data
matched for GA using published data from 24,416 singletons (GA
from 20–42 wks) (Fig. 1).21 Mean cord Hb concentrations in our
neonates fell below the mean expected for singletons at all GA,
and Hb began to further diverge from the mean at ~31 wks.
Similar to findings for Hb, using a mixed model with random

effects, no significant differences in cord SF, EPO, serum Fe, IL-6, or
CRP were evident between the preterm and early-term neonates.
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In addition, GA had no significant association with cord SF, serum
Fe, IL-6, or CRP across the GA at birth in this cohort. Using the
same statistical method, cord sTfR (β= 0.04, SE= 0.02, P= 0.02, n
= 144), EPO (β= 0.10, SE= 0.03, P= 0.001, n= 138), and hepcidin
(β= 0.11, SE= 0.05, P= 0.05, n= 144) were significantly asso-
ciated with GA at birth. Preterm neonates (33.2 ± 2.4 wks of
gestation) had significantly lower cord hepcidin (14.8 ng/mL, n=
92 vs. 20.8 ng/mL, n= 50, P= 0.03) compared to early-term
neonates (37.5 ± 0.5 wks gestation) after controlling for the non-
independence of multiple birth siblings.
Because discordant growth was common in these neonates, to

further evaluate the degree to which variable birth weight might
have influenced observed associations between GA and Fe status,
all Fe status indicators were expressed on a per kg of body weight
basis and potential associations with GA were reexamined. Cord
sTfR/kg birth weight (β=−0.05, SE= 0.02, P= 0.002, n= 144) and
serum Fe/kg birth weight (β=−0.11, SE= 0.02, P < 0.0001, n=

140) were negatively associated with GA at birth such that
significantly higher concentrations of these indicators/kg birth
weight were evident in neonates born at an earlier GA. All other Fe
status indicators did not significantly vary across the window of
25–38 wks when expressed on a per kg basis.
Hepcidin was detectable at birth (37.5 ± 0.7 wks) in all but 2 of

the neonates studied. Both of these 2 neonates were non-anemic
and they were born at 37 wks or 35 wks of gestation. Deficiencies
of vitamin B-12 or folate were not evident in any of the neonates
studied, and all neonates had detectable IL-6 at birth (25–38 wks)
with values ranging from 0.46 to 40.24 pg/mL. In contrast, 69% of
neonates (n= 93/134) had undetectable cord CRP. In neonates
with detectable cord CRP (n= 41), a significant positive associa-
tion was found between cord CRP and cord IL-6 (β= 0.48, SE=
0.10, P < 0.0001, n= 39).

Predictors of neonatal anemia at birth
Neonates born to women who were obese before entering
pregnancy had more than a 4-fold greater odds of having anemia
at birth compared to neonates born to normal-weight women
(odds ratio (OR)= 4.1 [95% confidence interval (CI): 1.3, 15.6], P=
0.02) using a mixed model with random effects and adjusting for
birth weight and GWG. Using the same method, neonates born to
women who smoked during pregnancy (n= 12) had a nearly 5-
fold greater odds of having anemia compared to neonates born to
non-smokers (OR= 4.5 [95% CI: 1.1 17.3], p= 0.03). When the OR
examining the impact of smoking on anemia was evaluated after
adjusting for birth weight and GWG, the impact of smoking during
pregnancy on anemia was reduced and only approached
significance (OR= 4.2, [95% CI: 0.97, 16.6], P= 0.07) (Table 3).
Prevalence of anemia did not significantly differ as a function of
race (14% in Caucasian vs. 16% in African-American neonates, P=
0.6). Cord Hb was positively associated with Apgar scores at both 1
and 5min (β= 0.26, SE= 0.09, P= 0.005, n= 154; β= 0.48, SE=
0.15, P= 0.002, n= 154, respectively) after adjusting for GA and
birth weight.

Table 1. Maternal and neonatal birth characteristics at delivery

Characteristics Twins Triplets/quadruplets

Gestational age (wk) 35.6±2.3 (n= 64)a 32.4±2.8 (n= 19)b

Preterm birth, % (n) 56.3 (n= 36/64)a 94.7 (n= 18/19)b

Early-term birth, % (n) 6.3 (n= 4/64)a 26.3 (5/19)b

Maternal ppBMI

Underweight, % (n) 6.4 (n= 4/63) 0

Normal, % (n) 44.4 (n= 28/63) 33.3 (n= 6/18)

Overweight, % (n) 17.5 (n= 11/63) 27.8 (n= 5/18)

Obese, % (n) 31.8 (n= 20/63) 38.9 (n= 7/18)

Maternal GWG

Excessive GWG, % (n) 22.2 (n= 14/63) 33.3 (n= 6/18)

Normal GWG, % (n) 44.4 (n= 28/63) 38.9 (n= 7/18)

Inadequate GWG, % (n) 33.3 (n= 21/63) 27.8 (n= 5/18)

Cesarean section, % (n) 64.1 (n= 41/64)a 94.7 (18/19)b

Discordant growth, % (n)

>15% between siblings 20.3 (n= 13/64)a 68.4 (n= 13/19)b

>25% between siblings 6.3 (n= 4/64)a 26.3 (n= 5/19)b

Maternal race

African-American, % (n) 31.3 (n= 20/64)a 5.3 (n= 1/19)b

Caucasian, % (n) 67.2 (n= 43/64) 84.2 (n= 16/19)

Other, % (n) 1.6 (n= 1/64) 10.5 (n= 2/19)

Maternal ethnicity

Hispanic, % (n) 6.3 (n= 4/64) 5.3 (n= 1/19)

Non-Hispanic, % (n) 93.8 (n= 60/64) 94.7 (n= 18/19)

Birth weight (g) 2358.1 ± 61.8 (n
= 126)a

1860.7 ± 110.5 (n=
57)b

<2500 g, % (n) 60.3 (n= 76/126)a 94.7 (n= 54/57)b

<1500 g, % (n) 3.2 (n= 4/126)a 22.8 (n= 13/57)b

SGA, % (n) 23.8 (n= 30/126) 19.3 (n= 11/57)

Data are presented as the mean ± SD (range) or the percentage, with the
sample size in parentheses. Mean birth weights were calculated using a
random-effects model adjusting for the non-independence of data from
siblings
Different superscripts in the table indicate significant differences in
gestational age, maternal ppBMI, maternal GWG, cesarean section,
discordant growth, maternal race, and maternal ethnicity between twins
vs. triplets/quadruplets (P < 0.05, two-tailed t-test or χ2 test) and significant
differences in birth weight and SGA (P < 0.05, mixed model with random
effect)
ppBMI pre-pregnancy body mass index, GWG gestational weight gain, SGA
small for gestational age

Table 2. Iron status at birth in 183 multiple birth neonates

n Preterm n Early-term

Gestational age (wk) 124 33.4 ± 0.3a 59 37.5 ± 0.07b

Hemoglobin (g/dL) 103 15.1 ± 0.3 51 15.3 ± 0.4

Anemia, % 17 17 6 12

Serum SF (μg/L) 93 96.4 [79.7,
116.7]

51 112.8 [85.8,
148.3]

Serum sTfR (mg/L) 93 5.8 [5.1, 6.5]a 51 6.6 [5.9, 6.5]b

Serum EPO (mIU/mL) 88 16.6 [13.2, 21] 50 18.8 [15.4, 22.9]

Serum iron (mg/L) 91 4.1 [3.2, 5.2] 49 2.7 [2.2, 3.3]

Serum hepcidin (ng/mL) 92 12.1 [9.2, 15.7]a 50 17 [12, 24.2]b

Hepcidin < 0.39 ng/
mL, %

1 1 1 2

Serum IL-6 (pg/mL) 88 4 [3.3, 4.8] 50 3.7 [2.7, 5.1]

IL-6 < 0.156 pg/mL, % 0 0 0 0

CRP (ng/mL) 22 97.4 [80.7,
117.6]

19 102.7 [82.3,
128]

CRP < 78 ng/mL, % 62 74 31 62

Data are presented as the mean ± SD for gestational age and Hb.
Geometric mean [95% CI] for SF, sTfR, EPO, serum Fe, serum hepcidin, IL-
6, and CRP. Means were calculated using a random-effects model adjusting
for the non-independence of data from siblings
Different superscripts within rows indicate statistical differences between
preterm and early-term neonates (P < 0.05, mixed model with random
effects)
Neonatal anemia was defined as a cord hemoglobin (Hb) < 13 g/dL
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Correlations between cord Hb and other cord Fe indicators
Significant associations were found between Hb and all cord Fe
status indicators evaluated except for serum Fe and EPO after
correcting for multiple comparisons using a Bonferroni test (P <
0.002). Cord SF, sTfR, EPO, and hepcidin were also significantly
correlated (Table 4). Cord sTfR exhibited the strongest correlation
with Hb, and alone captured 41% of the total variance in Hb,
followed by hepcidin, which explained 37% of the total variance in
Hb. A significant inverse association was evident between Hb and
SF (β=−1.1, SE= 0.23, P < 0.0001, n= 126), a finding that
remained significant after adjusting for GA and birth weight.
Anemia did not occur in neonates with SF under the 10th
percentile (40.8 μg/L), but was present in 21% (n= 3/14) of
neonates whose SF was greater than the 90th percentile (250.7
μg/L). Cord IL-6 and CRP did not significantly differ between
neonates whose cord SF concentrations were either <10th or
>90th percentiles.

Correlations between maternal and cord iron status
Cord sTfR was significantly positively associated with maternal
sTfR at 24.4 ± 5.4 wks (β= 0.25, SE= 0.09, P= 0.01, n= 128) and at

delivery (34.6 ± 2.8 wks) (β= 0.25, SE= 0.08, P= 0.002, n= 120).
At delivery, positive associations were also found between cord
Hb and maternal Hb (β= 0.37, SE= 0.16, P= 0.02, n= 153) and
hepcidin (β= 0.22, SE= 0.08, P= 0.008, n= 118). However, while
cord and maternal hepcidin were correlated, only cord hepcidin
was significantly correlated with umbilical cord Fe status
indicators, including Hb (β=−0.83, SE= 0.17, P < 0.0001, n=
126), SF (β= 0.53, SE= 0.05, P < 0.0001, n= 144), sTfR (β=−0.23,
SE= 0.03, P < 0.0001, n= 144), and EPO (β=−0.35, SE= 0.06, P <
0.0001, n= 138). Associations between maternal hepcidin and
cord Fe status only approached significance for cord SF (β= 0.13,
SE= 0.06, P= 0.06, n= 118) and cord sTfR (β=−0.08, SE= 0.04, P
= 0.054, n= 118).

DISCUSSION
To our knowledge, this is the largest study to explore Fe status in
neonates born to women with multiple gestations and to evaluate
temporal changes in neonatal Fe status in neonates born between
25 and 38 wks of gestation. Of note, anemia was present in 14% of
neonates studied. Neonates born to obese women and women
who smoked during pregnancy had significantly greater odds of
anemia at birth. Hepcidin was detectable at birth in nearly all
neonates born between 25 and 38 wks of gestation. Cord
hepcidin, but not maternal hepcidin, was significantly associated
with multiple umbilical cord Fe status indicators suggesting that
the neonate independently regulated its Fe status.
At birth, anemia was evident in 14% of neonates studied. There

are no national data on anemia prevalence in singleton newborns
for direct comparison as NHANES data did not enroll those under
1 year of age.22 Compared to reference cord Hb data from
24,416 singleton neonates (22–42 wks of gestation),21 our Hb
curve diverged from the reference curve at ~31 wks of gestation,
and a marked reduction was evident by 34 wks of gestation. This
likely reflects an inability of placental transport to keep pace with
the rapid fetal growth of multiple fetuses,23 as the fetal growth
trajectory in multiple pregnancies is also known to diverge from
the singleton reference curve between 30 and 32 wks of
gestation.24, 25

The AAP highlighted PTB as a risk factor for neonatal anemia.10

In our population, preterm neonates did not have an increased

5

20

15
H

em
og

lo
bi

n,
 g

/d
L

10

5

0
22 23 24 25 26 27 28 29 30 31 32 33 34

Gestational age, wk

35

Published singletons’ Hb mean values (solid black
line) and the 5% and 95% confidence intervals
(dashed black lines)

Multiple birth neonates’ Hb mean values (solid
blue line) and the 5% and 95% confidence
intervals (dashed blue lines)

36 37 38 39 40 41 42

Fig. 1 Mean cord Hb of multiple birth neonates (solid blue line) was compared to published reference ranges in 24,416 singletons born
between 22 and 42 wks of gestation (solid black line).21 The Hb curve (adjusted for the non-independence of the multiple siblings) in our
population tended to fall below the normative curve, and a marked reduction was evident at 34 wks of gestation. Source: Adapted from
Jopling et al.21

Table 3. Maternal determinants of neonatal anemia at birth

% Anemic at
birth (n)

Unadjusteda

OR [95% CI]
Adjusteda,b OR
[95% CI]

Pre-pregnancy BMI

Obesity (n= 51) 14% (n= 12) 4.5 [1.4, 16.9] 4.1 [1.3, 15.6]

Normal weight (n=
62)

6% (n= 4) Reference Reference

Smoking during pregnancy

Yes (n= 10) 40% (n= 4) 4.5 [1.1,17.3] 4.2 [0.97, 16.6]

No (n= 139) 13% (n= 18) Reference Reference

aBoth unadjusted and adjusted odds ratio (OR) were controlled for the
non-independence of neonates born to the same mother using a mixed
model with random effects
bAdjusted ORs were adjusted for both gestational weight gain and
neonatal birth weight
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risk of anemia compared to early-term neonates, however
because we had a power of only 79%, we were not sufficiently
powered to evaluate possible differences in anemia between
these two groups. Moreover, a longer duration in utero did not
result in a significant accumulation of Fe stores or Hb, although
body Fe continued to accumulate as each Fe indicator remained
constant across gestation when expressed on a per kg of body
weight basis. This finding differs from data in preterm singletons
where many studies have found a higher risk of anemia and lower
Fe status in preterm singleton newborns.26, 27 The lack of an
impact of gestational age on fetal Fe accumulation may be a
consequence of the increased Fe required to endow multiple
fetuses, which may limit optimal Fe accumulation across late
gestation.
Risk of anemia was 4-fold higher in neonates born to women

who were obese before pregnancy. The adverse effect of maternal
ppBMI on neonatal anemia was evident only in women whose
ppBMI exceeded 30 kg/m2; no differences in hematological
measures were noted in neonates born to women who were
overweight (25–30 kg/m2) at entry into pregnancy. Data on
maternal obesity and neonatal Fe status are limited and often
contradictory. We previously found that adolescents (n= 230) in
higher ppBMI categories gave birth to neonates with significantly
higher cord Hb,28 but these unexpected findings may be due to
biological immaturity of the adolescent as animal models have
suggested that maternal–fetal nutrient partitioning differs among
adolescents compared to adults.29, 30 In primarily adult popula-
tions, studies in 316 US gravida31 and 1613 pregnant Chinese
women,32 found adverse effects of maternal obesity on neonatal
Fe stores. Further studies are needed to understand the impact of
maternal obesity on neonatal Fe status in some, but not all,
populations.
Risk of neonatal anemia was higher in multiple birth neonates

whose mothers smoked during pregnancy. Although studies have
found cigarette smoking to be negatively associated with
neonatal ferritin, transferrin, and total body Fe,33, 34 few data are

available on maternal cigarette smoking and risk of neonatal
anemia. Because cigarette smoking is a modifiable risk factor, its
adverse effects on neonatal anemia in women carrying multiples
should be highlighted especially as it is also known to be a risk
factor for PTB, LBW, fetal growth restriction and infant death,35

outcomes that already occur at increased rates in multiple birth
neonates.
To date, data on associations between cord and maternal

hepcidin have been mixed.36–38 In our study, cord hepcidin was
significantly associated with maternal hepcidin at delivery, but
only cord hepcidin was correlated with cord Fe status, and this
hormone alone captured nearly 37% of the total variance in cord
Hb. These data suggest that the fetus independently regulates its
Fe status, a finding consistent with other data from full-term
singleton neonates.36, 37

In these multiple birth neonates, the majority of cord Fe status
indicators evaluated exhibited the expected associations with
cord Hb based on existing associations published in term or
preterm singletons.37, 39 Among the indicators evaluated, cord
sTfR was the strongest determinant of cord Hb, and alone
captured 41% of the total variance in cord Hb. Given the
association between cord sTfR and maternal sTfR at mid-gestation,
maternal sTfR may be a useful predictor of low cord Hb at birth.
Unlike observations made in older infants and adults, a significant
inverse association was found between cord SF and Hb. Nearly 1/4
of neonates with the highest SF had anemia, whereas anemia was
not found in infants below the 10th percentile of the SF
distribution. The lack of anemic neonates in the low SF group
could be explained by a preferential use of Fe in support of
erythropoiesis. However, the increased risk of anemia in neonates
with elevated SF was unexpected and was not driven by folate or
vitamin B12 deficiencies or by inflammation as assessed using IL-6
or CRP. Since multiple birth neonates are a high-risk study
population, additional normative data are needed in term,
singleton neonates to determine whether this is a consequence
of other factor or unique to our higher risk neonatal cohort.

Table 4. Correlations between iron status indicators in cord blood

Log cord SF Log cord TfR Log cord EPO Log cord serum Fe Log cord hepcidin Log cord IL-6

Cord Hb (g/dL) β=−1.1
SE= 0.23
P < 0.0001
n= 126

β= 2.6
SE= 0.37
P < 0.0001
n= 126

β= 0.64
SE= 0.24
P= 0.009
n= 121

β= 0.46
SE= 0.32
P= 0.16
n= 123

β=−0.83
SE= 0.17
P < 0.0001
n= 126

β= 0.35
SE= 0.22
P= 0.12
n= 122

Log cord SF (μg/L) β=−0.82
SE= 0.14
P < 0.0001
n= 144

β=−0.38
SE= 0.08
P < 0.0001
n= 138

β= 0.18
SE= 0.10
P= 0.08
n= 140

β= 0.53
SE= 0.05
P < 0.0001
n= 144

β= 0.05
SE= 0.07
P= 0.48
n= 137

Log cord TfR (mg/L) β= 0.28
SE= 0.04
P < 0.0001
n= 138

β= 0.006
SE= 0.06
P= 0.91
n= 140

β=−0.23
SE= 0.03
P < 0.0001
n= 144

β= 0.06
SE= 0.04
P= 0.17
n= 137

Log cord EPO (mIU/mL) β= 0.03
SE= 0.11
P= 0.80
n= 137

β=−0.35
SE= 0.06
P < 0.0001
n= 138

β= 0.20
SE= 0.07
P= 0.009
n= 134

Log serum Fe β= 0.07
SE= 0.06
P= 0.20
n= 140

β= 0.12
SE= 0.06
P= 0.054
n= 136

Log cord hepcidin (ng/mL) β= 0.04
SE= 0.10
P= 0.66
n= 137

Bolded values denote associations that are significant at P < 0.002 using a random-effects mixed model and applying a Bonferroni correction to correct for
multiple comparisons

Predictors of anemia and iron status at birth in neonates born…
Y Ru et al.

203

Pediatric Research (2018) 84:199 – 204



This study has several limitations. There are few normative data
on Fe status in neonates to use for comparison purposes.
Moreover, multiple assays are available for the Fe indicators
evaluated and most are not standardized, limiting comparisons
between studies. Secondly, we did not measure erythroferrone as
there were no validated human assays for this hormone at the
time the study was undertaken. This hormone is known to be
stimulated by EPO and mediate hepcidin suppression.40 Although
we studied a relatively large cohort of multiple birth neonates, our
sample size was reduced when analyses were stratified, lowering
power to detect significant associations. Finally, although IL-6 and
CRP are two standardly utilized inflammatory markers, the
presence of inflammation could not be ruled out and normative
cord blood data on these markers are limited.
In conclusion, neonates born to women carrying multiple

fetuses had a greater risk of anemia than has been reported
among term singletons. Hepcidin was present at birth, in nearly all
neonates, was significantly associated with the cord Fe status
highlighting the ability of the fetus to regulate its Fe status in
response to its intrauterine Fe environment. Increased time in
utero from 25 to 38 wks did not reduce the risk of anemia in
multiple birth neonates or lead to an increase in Fe status for the
majority of Fe status indicators evaluated. Multiple birth neonates
born to women who were obese prior to pregnancy, or to those
that smoked during pregnancy had a significantly higher risk of
anemia at birth. Additional screening practices for Fe status at
birth are warranted in these groups. Given the higher risk of
anemia noted, further studies are needed to identify maternal
interventions that best support fetal Fe requirements in this
higher risk neonatal population.
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