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Pregnant adolescents are at risk of anemia and iron deficiency (ID). Iron stores may be
compromised in newborns born to women with ID, which is of concern given the importance of
neonatal iron acquisition for neurodevelopment. This study was undertaken in 255 pregnant
adolescents (≤ 18 y) receiving prenatal care at the Rochester Adolescent Maternity Program
(2006 – 2012). We characterized maternal dietary intake, prenatal supplement use; assessed
maternal and neonatal iron status; and examined the impact of neonatal iron endowment on
neurophysiological function at birth. Dietary intakes of iron, magnesium, calcium, vitamins D
and E did not meet the EAR in more than 70% of teens surveyed, with calcium and magnesium
being the nutrients with the greatest dietary deficits. Approximately half of the adolescents selfreported daily use of prenatal supplements, however the additional supplement contribution was
insufficient to bridge the dietary deficit for the EAR for magnesium and calcium. From ~26
weeks gestation to delivery, the prevalence of maternal anemia (8.6% to 19%) and ID (sTfR >
8.5 mg/L; 7% to 14%) increased significantly. Elevated concentrations of ferritin and hepcidin
were observed at delivery compared to mid-gestation, due to inflammation. Maternal EPO
concentrations were significantly associated with indicators of maternal iron insufficiency and
with low maternal hemoglobin concentration across pregnancy, and one benefit to this indicator
was that EPO was not significantly associated with inflammation across gestation. Of concern,
fully 1/4 of the newborns (n=193) were anemic or had low iron stores, respectively at birth. Of

interest, cord ferritin did not significantly increase with gestational age across the final 6 weeks
of pregnancy (37 – 42 weeks of gestation). Maternal iron stores impacted neonatal iron stores as
neonates born to mothers with ferritin < 12 µg/L had significantly lower ferritin compared to
their counterparts. These findings speak to the need to examine the efficacy and optimal timing
of maternal iron supplementation during pregnancy. No consistent relationships were evident
between lower neonatal iron status and longer ABR peak latencies. Additional methods or
functional approaches may be needed to fully capture the impact of neonatal iron status on
neurodevelopment and other health outcomes.
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CHAPTER 1

INTRODUCTION

1

Specific Aims
Adolescence (14 – 19 y) is a time of rapid growth accompanied by significantly increased
nutritional needs to support growth and development. When pregnancy is superimposed on this
period, nutritional needs further increase to support the physiological changes associated with
pregnancy and fetal growth. Adolescent pregnancy is prevalent among poor, low-income teens
who are likely to enter pregnancy with unhealthy weights, and poor quality diets with inadequate
intakes of several key nutrients. Nutrition is a key lifestyle factor that can be modified to
improve birth outcomes, however there are scarce data about dietary intake among pregnant
teens.
The dietary requirements for iron (Fe) in particular, increase significantly during
pregnancy in adolescents to support fetal growth and the expansion of maternal red blood cell
mass. Despite the importance of Fe during pregnancy, iron deficiency (ID) remains a significant
public health problem in pregnant women. To date, few studies have examined the prevalence of
anemia and ID and longitudinal changes in Fe status across gestation in pregnant adolescents.
During pregnancy Fe is actively transported across the placenta from the maternal to the
fetal circulation. In the past, the fetus was thought to be a “perfect parasite” capable of acquiring
sufficient Fe even in the face of mild-to-moderate anemia, thus little attention was focused on
neonatal Fe status at birth. However, an increasing body of evidence indicates that the fetal Fe
endowment will be compromised under conditions of maternal ID, and suboptimal Fe
endowment at birth is associated with altered neurophysiologic functions. In spite of the growing
recognition of the importance of the Fe endowment in utero, few data on Fe status in newborns
are available because the standard of care in the United States does not advocate screening
healthy neonates for Fe status.
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Iron is an essential nutrient for the developing fetal brain. Fetal brain development starts
as early as the ninth gestational week and continues through the end of gestation. One of the
most notable developmental processes that occurs in this period is myelination, as Fe is required
by the oligodendrocytes for the synthesis of fatty acids and cholesterol which comprise the key
components of the myelin sheath. The importance of Fe in myelination has been demonstrated
by studies showing ID children exhibit longer auditory brainstem response (ABR) latencies
attributed to hypomyelination. Relationships between the neonatal Fe endowment at birth and
neurophysiological outcomes remain largely unexplored.
In order to address the gaps in this field, the goals of this research were fourfold: 1) To
characterize dietary quality and supplement use among pregnant adolescents; 2) To assess
longitudinal changes in iron status across pregnancy until delivery; 3) To characterize neonatal
iron status in a group of healthy newborns born to pregnant adolescents; and 4) To examine the
impact of the iron endowment at birth on neurophysiological function among neonates.

The specific aims and hypotheses are:
I.

To characterize dietary intake and prenatal supplement use among pregnant
adolescents.
Hypothesis: Pregnant adolescents will be unable to meet their nutritional needs from
diet alone due to poor dietary quality.
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II.

To assess longitudinal changes in iron status in a large cohort of pregnant
adolescents and to explore the relationships between iron status indicators and
markers of inflammation.
Hypothesis: Maternal hemoglobin, ferritin, and total body iron will decrease, and
soluble transferrin receptor and erythropoietin will increase across pregnancy, as a
result of declining iron status. Elevated concentrations of ferritin, hepcidin, and IL-6
will be observed at delivery due to heightened inflammation induced by labor.

III.

To characterize neonatal iron status at birth and to assess the relationship
between maternal and neonatal iron status in a group of healthy newborns born
to pregnant adolescents.
Hypothesis: Newborns born to pregnant adolescents will be at high risk of anemia
and iron deficiency. Newborns born to iron deficient mothers will have lower iron
stores at birth compared to those born to mothers who are not iron deficient.

IV.

To examine the impact of neonatal iron status on neonatal neurophysiological
functions at birth.
Hypothesis: Neonates with low iron stores will exhibit longer absolute- and interpeak
latencies as measured by auditory brainstem responses compared to neonates with
adequate iron stores.
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Background and Significance
I. Nutrition in Adolescent Pregnancy
In 2013, the teen birth rate was 26.6 births per 1,000 adolescent females aged 15-19 y,
with higher rates for older teens (47.4 per 1,000 in those aged 18-19 y compared to 12.3 per
1,000 in those aged 15-17 y) [1]. Pregnant adolescents are at higher risk of poor pregnancy
outcomes (preterm birth, low birth weight [LBW], mortality) when compared to adults [2].
Socio-demographic and life style factors (poverty, unmarried marital status, low educational
levels, smoking, drug use) and physiological factors (gynecological immaturity, competition for
nutrients between the mother and the fetus) have been associated with adverse birth outcomes in
this age group [3, 4]. While adolescence is a time of significantly increased nutritional needs to
support growth and development for the growing adolescent, nutritional demands increase even
further when pregnancy is superimposed on this period.
Competition for nutrients between the mother and fetus is a particular nutritional concern
among pregnant adolescents who are still growing. Studies that examined the impact of maternal
growth (measured via knee height) on adolescent pregnancy outcomes have established that
teens who continue to undergo growth during pregnancy have a higher gestational weight gain
(GWG) than non-growing adolescents, but deliver infants of lower birth weight than their
counterparts [5], indicative that maternal weight gain was prioritized to support their own growth
at the expense of fetal growth. Maternal energy intake of growing teens was also directly related
to infant birth weight as infants born to teens with low energy intake (below the two-thirds of
RDA for pregnancy) had infants of lower birth weight compared to infants born to teens with
adequate energy intake [5].
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Pre-pregnancy BMI and Gestational Weight Gain
Pre-pregnancy BMI (ppBMI) and GWG are both strong predictors of birth outcomes.
Low ppBMI is associated with an increased risk of placental abruption, low birth weight (LBW),
small-for-gestational age (SGA) and preterm birth [6]. High ppBMI is associated with increased
risk of gestational diabetes, hypertensive disorders of pregnancy, operative deliveries,
postpartum weight retention, and delivery of macrosomic and preterm infants [7, 8]. High
ppBMI is of particular concern given the increasing prevalence of overweight and obesity in
women of reproductive age [7, 9]. According to the Youth Risk Behavior Surveillance (1999 –
2011) data, one-third of US adolescents (12-19 y) were overweight (15.2%) and obese (13%),
with the highest combined prevalence of overweight and obesity observed among Black teens
(38.2%) followed by Hispanic (26.6%) and White female teens (21.1%) [10].
Current guidelines for GWG from the Institute of Medicine (IOM) vary based on
maternal ppBMI, and are established based on weight ranges associated with the lowest
prevalence of operative delivery, postpartum weight retention, preterm birth, SGA and large-forgestational age (LGA) [6]. Women who are overweight or obese before pregnancy are more
likely to gain weight in excess of the IOM guidelines compared with women with underweight
or normal ppBMI [6, 11]. This is a cause for concern given that effects of obesity on pregnancy
outcomes can be further compounded by excessive GWG [11]. Excessive GWG increases the
risk of postpartum weight retention, obesity and other chronic diseases [12], and neonates born to
heavier women are also more likely to be born preterm or LGA [13, 14]. Both low- and high
birth weight have been shown to be associated with a greater risk of rapid weight gain and
obesity in later childhood [6], and data indicate that preventing excessive GWG will reduce the
risk of childhood obesity of the offspring [15] implying that avoidance of excessive GWG is
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warranted to ensure optimal birth outcomes.

Dietary Intake in Adolescents and in Pregnancy
Diet is one of the most important and controllable factors to ensure a healthier pregnancy
outcome. Because nutritional demands increase during pregnancy to meet the needs of both the
fetus and the mother, both pregnant adolescents (14 – 18 y) and adult women (19 – 50 y) are
advised to ingest additional energy (~340 kcal/d during the 2nd trimester, and ~450 kcal/d during
the 3rd trimester of pregnancy) [16]. However, as caloric needs vary largely among individuals
depending on a number of factors (the deposition of maternal and fetal tissue, body composition
and physical activity level), maintaining an optimal range of GWG can serve as a way to monitor
the adequacy of caloric intake.
The key concern in adolescents’ diet is that many foods consumed by this group are
energy dense but low in micronutrients, and hence are poor in overall quality. Adolescents
consume a large proportion of energy from soda/energy/sports drinks [17], which contribute to
weight gain and obesity [18]. In addition, nearly 25% of energy is consumed from food groups
that are high in sugar (cake and cookies, pastries and pies, soda, candy, fruit juices) at the
expense of nutrient-dense foods [19]. The negative impact of high sugar intake on pregnancy
outcomes was evident from data obtained in a cohort of 594 pregnant adolescents (13-19 y) [20].
In this study, teens with high total sugar intake (defined as 44% of the total energy intake) were
at two-times higher risk for delivering a SGA infant compared to the reference group (19% of the
total energy intake from total sugar) [20]. The tolerable upper intake level (UL) for total or added
sugars is not defined in the IOM macronutrient report, however limiting the energy intake from
added sugars below 25% of total energy intake is suggested for both adults and children due to
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the concerns about reduced micronutrient intakes when excessive energy is consumed from
added sugars [21].
To evaluate the adequacy of micronutrient intakes of specific population groups, a
reference standard is needed to assess the proportion of individuals meeting or failing to meet
that reference standard. Estimate Average Requirement (EAR) is a term used to denote the
average nutrient intake level that is estimated to meet the requirements of half of the healthy
individuals in a particular life stage and gender group, and is used to assess adequacy of intakes
of population groups [22]. Table 1.1 outlines the comparison of the EAR of micronutrients for
both pregnant and non-pregnant female adolescents (14-18 y) and women (19-30 y). Mean intake
levels of micronutrients of US pregnant women and adolescents are summarized and compared
in Table 1.2.

Table 1.1 Estimated Average Requirement (EAR) for Selected Micronutrients [22]

Vitamin A (μg RAE/d)1
Thiamin (mg/d)
Riboflavin (mg/d)
Niacin (mg NE/d)1
Vitamin B6 (mg/d)
Vitamin B12 (μg/d)
Folate (μg/d)
Vitamin C (mg/d)
Vitamin E (mg/d)
Vitamin D (μg/d)
Calcium (mg/d)
Phosphorus (mg/d)
Iron (mg/d)
Magnesium (mg/d)
Zinc (mg/d)
Copper (μg/d)
1

Pregnancy
14-18 y
19-30 y
530
550
1.2
1.2
1.2
1.2
14
14
1.6
1.6
2.2
2.2
520
520
66
70
12
12
10
10
1000
800
1055
580
23
22
335
290
10.5
9.5
785
800

Non-pregnant Females
14-18 y
19-30 y
485
500
0.9
0.9
0.9
0.9
11
11
1
1.1
2
2
330
320
56
60
12
12
10
10
1100
800
1055
580
7.9
8.1
300
255
7.3
6.8
685
700

RAE = Retinol Activity Equivalent. NE = Niacin Equivalent.
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Table 1.2 Dietary Intakes of US Pregnant Women and Adolescents [23-27]

Assessment method
Age (y)
n
Vit A (μg RAE/d)
Thiamin (mg/d)
Riboflavin (mg/d)
Niacin (mg NE/d)
Vit B6 (mg/d)
VitB12 (μg/d)
Folate (μg/d)
Vit C (mg/d)
Vit E (mg/d)
Vit D (μg/d)
Calcium (mg/d)
Phosphorus (mg/d)
Iron (mg/d)
Magnesium (mg/d)
Zinc (mg/d)
Copper (μg/d)

US Pregnant
Women
Blumfield et al.
[23]

Pobocik et al.
[24]

FFQ, 24-hr recall
28.8 (24.8 – 30)
5,994
Median (IQR)
1941 (1361, 2314)
1.8 (1.7, 1.8)
2.3 (2.2, 2.5)

24 hr recall
14 - 20
434
Mean ± SD
1093 ± 1579
2.1 ± 0.6
2.1 ± 1.2

21.8 (21.0, 22.9)
N/A
5.8 (4.7, 6.5)
334 (292, 367)
139 (123, 168)
N/A
5.7 (5.4, 6.4)
1176 (1,057, 1255)
N/A
15.8 (14.4, 16.8)
263 (252, 269)
11.3 (10.4, 12.3)
N/A

30 ± 14
2.0 ± 1.2
5.5 ± 7.6
292 ± 242
167 ± 183
8±8
N/A
743 ± 575
1338 ± 632
20 ± 11
270 ± 131
13 ± 8
N/A

US Pregnant Adolescents
Giddens et al. Dunn et al.
Carruth et al.
[25]
[26]
[27]
7 d food
24 h recall,
records
24 hr recall
3 d diet records
13 - 18
13 – 18
16
34
59
30
Mean ± SD
Mean ± SD
Mean ± SD
1053 ± 572
NA
1440 ± 1254
1.9 ± 1.1
2.4 ± 1.2
2.2 ± 1.1
3.2 ± 2.1
2.3 ± 0.7
2.5 ± 1.1
24.1 ± 6.8
1.9 ± 0.6
5.3 ± 2.8
312 ± 138
128 ± 62
9 ± 3.5
6.4 ± 2.6
989 ± 332
1340 ± 359
16 ± 5.7
252 ± 72
11.6 ± 4.2
1.2 ± 0.4

28 ± 9
2.0 ± 0.9
5.1 ± 2.2
248 ± 112
111 ± 95
11 ± 8
N/A
1188 ± 762
1744 ± 815
16 ± 8
307 ± 165
14 ± 6
1.3 ± 0.7

21.5 ± 10.8
N/A
N/A
N/A
133 ± 104
N/A
N/A
1670 ± 961
2049 ± 906
16.6 ± 9.5
N/A
N/A
N/A
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As seen above, Fe, calcium (Ca), vitamin E, and magnesium (Mg) have been commonly noted to
be nutrients with the highest prevalence of dietary deficiencies in both pregnant women and
adolescent populations. These dietary deficiencies were similar to that reported from the national
data on non-pregnant female adolescents [28].

Supplement Use in Pregnancy
Although meeting the nutrient requirements by consuming a balanced diet is desirable, this
may be difficult during pregnancy and supplements may contribute to meeting specific nutrient
requirements especially for at-risk populations. Dietary supplement use has the potential to lower
the prevalence of inadequate dietary intakes for many micronutrients [29], thus
multivitamin/mineral supplements are routinely prescribed in prenatal clinics to compensate for
dietary deficiencies.
The largest existing national report on supplement use in US women (NHANES 1999 –
2006, n=1,296) found that 74% of pregnant women consume a dietary supplement, containing Fe
and folic acid, at some time during pregnancy [30]. Supplement use varied by trimester, from
55–60% in the 1st trimester, 76–78% in the 2nd trimester, and 89% in the 3rd trimester [30]. In
addition, demographic and socioeconomic factors were associated with the use of dietary
supplements during pregnancy. Compared with dietary supplement non-users, supplement users
were more likely to be > 25 y of age, have at least some college education, more likely to have a
higher income, and were more likely to be non-Hispanic white [30]. Such demographic and
socioeconomic disparities are consistent with findings reported from other developed countries
[31-34].
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According to NHANES 1999-2004 data, the average use of vitamin and mineral
supplements in non-pregnant adolescents (12-17 y) was approximately 26.6%, and sociodemographic disparities were apparent between the supplement users and non-users [35]. Greater
use of vitamin and mineral supplements were reported in non-Hispanic White children and
adolescents, those who had health insurance coverage and better health care access, and better
self-reported health status [35].

II. Anemia and Iron Deficiency in Pregnancy
Anemia is a global public health problem that occurs at all stages of life, but is more
prevalent in pregnant women and adolescents. Iron deficiency (ID) is one of the leading causes
of anemia during these life stages due to the increased Fe needs associated with pregnancy and
the onset of menstruation, respectively. In the US, 18% of pregnant women [36] and 9.3% of
non-pregnant adolescents (12 – 19 y) are affected by ID [37].
Pregnant adolescents are particularly vulnerable to developing anemia and ID due to
increased demands for Fe and poor Fe intakes from diet. Previous studies conducted in pregnant
African-American adolescents from a Baltimore maternity clinic found that 10%, 20%, and 57%
of teens were anemic in the 1st, 2nd, and 3rd trimesters, respectively [38]. Multiparty, inadequate
prenatal care, low ppBMI, infection/STDs, and smoking status were risk factors for low Hb
concentrations [39]. Anemia and ID during pregnancy were associated with increased risk of
pregnancy complications such as premature delivery, LBW, postpartum depression and maternal
morbidity and mortality [40-42]. In light of these findings, Healthy People 2020 set a public
health goal of reducing ID among females of childbearing age and pregnant women [43].
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Iron Requirements during Pregnancy
Iron needs increase by ~1,040 mg over the course of pregnancy which is not evenly
distributed across gestation. During the 1st trimester, Fe requirements decrease due to the
cessation of menses resulting in a savings of approximately 0.56 mg/d [44]. The primary Fe
losses during this period are the obligatory Fe losses from the gut, skin, and urine (~0.8 mg/d)
[45]. Iron requirements begin to increase during the 2nd trimester, when hemodynamic changes
are most pronounced. Maternal plasma volume and red blood cell mass increase up to ~50% and
35%, respectively, and this translates into approximately 450 mg of required Fe [46]. During the
last trimester of pregnancy, Fe requirements rise gradually in proportion to fetal weight (270 mg
for a fetus > 3 kg) [47]. In addition to the Fe requirements needed over pregnancy, Fe losses that
occur at delivery should also be accounted for; these losses amount to an additional 240 mg of Fe
which is lost due to maternal blood loss at delivery (150 mg), and from the blood lost within the
placenta and the umbilical cord (90 mg) [46].

Assessment of Anemia and Iron Status during Pregnancy
Hemoglobin (Hb) as an indicator of Fe status in pregnancy is limited because of the low
sensitivity and specificity, largely due to the expansion of plasma volume and red cell mass in
pregnancy. Body Fe stores can be measured by serum ferritin (SF), the main intracellular Fe
storage protein. Trace amounts of ferritin are secreted from the reticuloendothelial cells into the
plasma [48], and in healthy non-pregnant individuals, each 1 µg/L is equivalent to ~8-10 mg
body Fe [49]. Given that more than 500 mg of Fe stores are required to support a typical
pregnancy, 50-80 µg/L of SF would be needed at entry into pregnancy to prevent Fe depletion
across gestation. The most recent and largest database on Fe status of US pregnant women
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(NHANES 1999-2006) used a SF cutoff of < 12 µg/L to define ID in the pregnant population
[36].
Transferrin receptors (TfR) are expressed on the surface of cells and these become upregulated in Fe-deprived tissues to enhance uptake and delivery of Fe [50]. A truncated form of
TfR gets released into the serum and can be analyzed as soluble TfR (sTfR) [50].
Concentrations of sTfR rise with increasing severity of Fe deficient erythropoiesis, reflecting an
increasing number of TfR on erythroid cells in the bone marrow [51], therefore this is a good
indicator of ID and increased erythropoiesis. Furthermore, sTfR has a high specificity to tissue
Fe deficiency and a low sensitivity to inflammation, thus it is not confounded by inflammation.
This makes it a useful indicator to identify ID in individuals with elevated SF concentrations due
to inflammatory conditions. In pregnancy, sTfR has been found to be a sensitive (sensitivity 7078%) and specific (specificity 46-100%) measure of tissue ID and has been frequently used in
studies in pregnant women [52-54]. A cutoff of > 8.5 mg/L has been shown to be indicative of
tissue ID by quantitative phlebotomy in adults and also to be highly specific to ID in pregnancy
[55, 56].
Given the high sensitivity of sTfR for detecting ID in pregnancy, the combined measure
of SF and sTfR enables to assess a wider spectrum of ID across pregnancy. Total Body Iron
(TBI) is calculated by using the equation: [-(log(sTfR:SF)-2.8229)/0.1207] [57], and has been
utilized and validated for pregnant populations [36, 38]. A positive TBI value (> 0 mg/kg) is
indicative of residual Fe stores, whereas a negative balance (< 0 mg/kg) indicates functional ID.
Use of serum Fe as a Fe status indicator is limited because it is affected by recent dietary Fe
intake and has a large diurnal variability [58].
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Eythropoietin (EPO) is a renal hormone that is secreted in response to hypoxic stimuli
to induce erythropoiesis. During normal pregnancy, EPO concentrations steadily increase,
reaching a maximum at the end of the third trimester [59, 60]. In a study of 136 pregnant women,
serum EPO increased across gestation, with the most pronounced increase being evident in
women with Hb concentrations ≤ 10.5 g/dL [61]. The efficacy of EPO as a treatment option for
anemia in pregnancy is well recognized [62], however less attention has been paid to its value as
an indicator to monitor anemia and Fe status in pregnancy.
Assessment of folate and vitamin B12 status usually involves assessment of serum folate
or cobalamin, combined with functional markers, such as total homocysteine (tHcy, reflecting
both folate and cobalamin status) and methylmalonic acid (MMA) (reflecting cobalamin status
only) [63, 64]. Serum folate is a short-term indicator of folate status and reflects the amount of
folate being taken up by tissues, catabolized and excreted at the point of time of blood sampling
[64]. The advantage of measurement of serum folate in studies of pregnant women is that it
represents the concentration available for placental uptake at the time of blood sampling [64].
Serum vitamin B12 correlates well with tissue concentrations, however studies have shown that
serum concentrations tend to be preserved at the expense of those in the tissue, thus low serum
vitamin B12 is likely to reflect moderate-to-severe tissue deficiency [65, 66]. Specific cutoffs to
define folate and vitamin B12 deficiency in pregnancy remain uncertain [67].

Hepcidin: the Systemic Regulator of Fe Homeostasis
Hepcidin, a 25-amino acid polypeptide synthesized in the liver and encoded by the HAMP
gene, plays a central role in Fe metabolism and homeostasis [68]. Hepcidin regulates Fe
homeostasis by blocking export of absorbed dietary Fe from duodenal enterocytes into the
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circulation, and by blocking movement of storage Fe from macrophages and hepatocytes into the
circulation [68]. This leads to reduced absorption of Fe into the circulation, of which
subsequently reduces Fe availability for erythropoiesis in the bone marrow.

A. Regulation of Hepcidin Production
The production of hepcidin is regulated by three independent mechanisms: 1) Fe loading; 2)
inflammation; and 3) erythropoietic activity [69]. Hepcidin production is up-regulated by Fe
loading and inflammation, whereas production becomes suppressed under conditions of
increased erythropoietic activity. The regulation of hepcidin production via Fe loading is
mediated by the bone morphogenic protein receptor complex, which interacts with TfR1 and 2,
and links serum Fe availability with hepcidin production. The primary inflammatory signal that
up-regulates production of hepcidin is IL-6 [70], which acts through promoter binding of the
Signal Transducer and Activator of Transcription 3 (STAT 3) [71]. Studies of chronic infections
and severe inflammatory diseases have shown markedly elevated levels of hepcidin [72],
implicating that hepcidin is an inflammatory marker itself. The link between increased
erythropoiesis activity and suppressed hepcidin production has been recently elucidated by the
identification of erythroferrone, an erythroid cell hormone [79]. Using an erythroferrone gene
knockout mouse model, the expected suppression of hepcidin expression was not observed
following a phlebotomy, whereas the administration of recombinant erythroferrone induced
suppression in hepcidin production [79].
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B. Analytical Issues of Hepcidin Measurement
Currently there are multiple methods available to measure hepcidin concentrations: weak
cation exchange chromatography, time-of-flight mass spectrometry (TOF-MS), and
immunochemical methods [73]. Due to the variety of methods, the reference intervals and
detection limits for hepcidin measurements are method-dependent, and large differences exist
between the absolute hepcidin levels measured by different methods [73]. To address the
discrepancy in hepcidin measures between methods, an algorithm (“HEPCON”) was recently
developed [74]. However, HEPCON was developed based on only two-MS methods, and should
be viewed as a preliminary approach in harmonizing results obtained from differing assays. More
studies are needed to develop an algorithm that incorporates other assays.

C. Hepcidin Studies in Pregnancy
Some studies have found that hepcidin is present in the syncytiotrophoblast cells of a 1st
trimester placenta and in the mesothelial and endodermal layers of the secondary yolk sac,
suggesting that hepcidin plays a key role in Fe transfer through the placenta even during early
pregnancy [75, 76]. Despite its central role in Fe metabolism, limited data are currently available
about hepcidin during pregnancy [77-79], and the degree to which hepcidin may add to the
existing repertoire of Fe status indicators in pregnancy remains to be determined. A summary of
the available hepcidin data obtained during pregnancy is summarized in Table 1.3.
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Table 1.3 Summary of Hepcidin Studies in Pregnancy [77-80]1
Trimester 1
11-14 weeks
7.4 [2.5] ng/mLa

Trimester 2
24-28 weeks
8.4 [2.7] ng/mLa

Trimester 3
30-34 weeks
6.7 [2.9] ng/mLb

N/A

van Santen et al.
(2013),3 n=31

10.9 ± 1.4 weeks
1.85 [1.1-4.1]
nmol/La

21.9 ± 2.0 weeks
≤ 0.5 nmol/Lb

32.1 ± 1.5 weeks
≤ 0.5 nmol/Lb

24-hr postpartum
3.0 nmol/L

TOF-MS

Finkenstedt et al.
(2012),4 n=42

15 [10-35] µg/mla

12 [9-18] µg/mlb

10 [8-14] µg/mlc

N/A

TOF-MS

Rehu et al.
(2010),5 n=191

N/A

N/A

N/A

12.4 [10.5-14.6] ng/mL*

ELISA (Intrinsic
Life Sciences)

Simavli et al.
(2014),2 n=103

Delivery

Assay
ELISA (DRG
Instruments)

Vaginal delivery:
13.6 [11.0-17.0] ng/mL
Emergency C-section:
15.9 [8.8-28.7] ng/mL
Elective C-section:
5.5 [3.2-9.5] ng/mL
1

Hepcidin data presented as the median [interquartile range]
Study setting and population: Turkey, healthy primigravida women (27.5 ± 3.9 y)
3
Study setting and population: Netherlands, healthy pregnant women (33.1 ± 5.4 y)
4
Study setting and population: Austria, healthy pregnant women (mean 26.4 y)
5
Study setting and population: Finland, healthy pregnant women (mean 28 y); hepcidin concentrations were significantly higher in women who
delivered vaginally or by emergency C-section compared to elective C-section.
* Geometric mean [95% CI]
2
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Pregnancy and Inflammation
The maternal immune system plays a critical role in establishing and maintaining a
healthy pregnancy. During the implantation period in early gestation, the blastocyst breaks
through the epithelial lining of the uterus, causing damage to the endometrial tissue [81].
Therefore, a pro-inflammatory environment prevails to secure the proper maintenance of uterine
epithelium and successful implantation. Most of the mid-gestation period is characterized by an
anti-inflammatory environment [82], and the last stage of pregnancy is again characterized by a
pro-inflammatory condition to prepare for parturition [83, 84].
Parturition is characterized by an influx of immune cells into the myometrium to promote
uterine contraction and delivery of the fetus and placenta [84]. Thus, pregnancy is characterized
as both a pro-and anti-inflammatory condition, depending upon the stage of gestation. Central to
these physiological changes in inflammation are the changes in the production of inflammatory
markers, which are key modulators of the maternal immune response.
Interleukin-6 (IL-6) plays an important role during a new immune response by directing
the shift from innate to acquired immunity through leukocyte recruitment, activation,
differentiation, and apoptosis [85]. Studies that measured IL-6 longitudinally across pregnancy
and at delivery consistently have reported significantly increased concentrations of IL-6 only at
delivery [86, 87]. This is because IL-6 plays an important role in the parturition process, which
includes rupture of the fetal membranes, cervical ripening and dilatation, contractility of the
myometrium, placental separation and uterine involution [84, 87].
C-reactive protein (CRP) is an acute-phase protein produced by hepatocytes of the liver
and is a sensitive marker of systemic inflammation. CRP synthesis is induced by IL-6 [88], and
serum concentrations rise above 5 mg/L by about 6 hours and peak around 48 hours following
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the onset of the inflammatory response [89]. Some studies have observed no change in CRP
concentrations across gestation [90, 91], whereas others have reported increased concentrations
from early pregnancy to approximately 20 weeks of gestation [92].

Challenges in Assessment of Anemia and Iron Status in Pregnancy
A. Hemodilution
Pregnancy is a unique life stage accompanied by many physiological changes that can
affect the assessment of anemia and Fe status. Defining normal or optimal concentrations of Hb
is complicated by hemodilution, as plasma volume expansion can be variable between
individuals and is not linear over gestation [93, 94]. Maternal blood volume begins to increase at
about 6 weeks of gestation and continues to rise until it plateaus at 32-34 weeks gestation, with
an approximately 50% increase above the non-pregnancy state [94]. The change in red cell mass
occurs more slowly than the change in plasma volume; the total increase in red cell mass is about
250-300 mL at term, which is an approximate 25-30% increase above levels found in the nonpregnant state [94]. In spite of the normal physiological changes that occur during pregnancy,
there are insufficient data to fully explain the physiological limits of Hb due to hemodilution. To
account for the trimester-specific hematological changes in pregnancy, the current cutoff values
used for determining anemia in pregnant women are defined by Hb concentrations < 11.0 g/dL in
the 1st and the 3rd trimesters and < 10.5 g/dL in 2nd trimester [95].

B. Differences in Hb distribution by Race
The normal physiological ranges of Hb also differ as a function of race. AfricanAmericans have a 0.8 g/dL left-shifted distribution of Hb compared to Caucasians [96], and
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therefore, the IOM states that the cutoff for anemia in African-Americans should be adjusted
downward by 0.8 g/dL (< 10.2 g/dL in the 1st and the 3rd trimesters and < 9.7 g/dL in 2nd
trimester) [97]. At this time the reason for this racial difference in Hb distribution is not fully
understood. Data from NHANES II showed that African-Americans have a greater range of Hb
levels, which may be due to a subset of the African-American population with hereditary
hematologic abnormalities, such as sickle cell trait (SCT), a condition known to impair Hb
production [98-100]. However, because this condition is present in only a subset of the AfricanAmerican population, applying the lower cutoff for anemia in all African-Americans may
possibly overlook individuals with ID without SCT. To address this concern, studies were
undertaken to compare the sensitivity and specificity for ID screening when a uniform criterion
for anemia was used in both African-American and Caucasian women (Hb < 12.0 g/dL; 5th
percentile value for Caucasians) versus when a race-adjusted criterion for anemia (Hb < 11.0
g/dL; 5th percentile value for the African-Americans) was applied separately in AfricanAmericans [96]. The results showed that using the race-adjusted criteria for ID achieved a
comparable sensitivity (35.7% in Caucasians; 31.6% in African Americans) and specificity
(94.6% in Caucasians; 95.6% in African Americans) in both races [96], indicating the need for
adjustment for race in determining the Hb cutoff used to identify anemia. Studies in pregnancy
that evaluated the association between Hb concentrations and birth outcomes provide further
justification for the need for the adjustment of Hb reference range for race [39, 101].

C. Inflammation and Acute-Phase Proteins
Ferritin is an acute-phase protein, and can become elevated during inflammation
independent of Fe status [102]. Therefore ferritin thresholds for ID (< 12 µg/L) may no longer
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hold under inflammatory conditions, and assessment of ferritin should be accompanied by
measurement of an inflammatory marker to enable accurate interpretation. While CRP and IL-6
are frequently measured as markers of systemic inflammation, the degree of elevation in these
indicators across gestation that is necessary to invalidate the use of ferritin as a measure of ID
remains understudied.

III. Neonatal Iron Status at Birth
As with all nutrients, the requirement for Fe is elevated during the fetal and neonatal
periods, as these are times of rapid growth and development. The fetus accumulates
approximately 60% of its total body Fe (75 mg/kg) during the third trimester of pregnancy [103],
and approximately 270 mg of Fe in total is transferred from the mother to the fetus via the
placenta across the course of gestation [104]. In the neonate, 70-80% of total body Fe is present
in the red blood cells as part of the heme moiety of Hb, 10% is present in tissues as part of heme
in myoglobin, and the remaining 10-15% is stored as ferritin [105].

Determinants of Neonatal Iron Endowment
Studies carried out in rats have demonstrated that fetal birth weight and tissue Fe content
are both sensitive to the Fe content of the maternal diet prior to and during gestation [106, 107].
In rats exposed to a low Fe diet (85% lower Fe than the control diet) prior to and throughout
gestation, a 15% lower fetal weight and a 51% decreased liver Fe content were evident compared
to rats exposed to a control diet [106]. Another study tested the impact of a low Fe diet on fetal
weight and Fe levels by initiating low Fe diets at different stages of pregnancy. In this study,
maternal Fe restriction initiated prior to the onset of pregnancy resulted in > 40% lower levels of
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serum Fe and up to 82% lower tissue Fe levels at term compared to the control group, yet the
lowest mean serum Fe was observed in the offspring when maternal Fe restriction was initiated
during the 2nd trimester which resulted in a 93% lower serum Fe level when compared to the
control group [107].
Factors related to placental transfusion (passage of blood from the placenta to the baby)
have also been shown to impact neonatal Fe indices at birth. Cesarean section is associated with
a reduction in placental transfusion due to: 1) the weaker transfusion force and shorter
transfusion period compared to a vaginal delivery; 2) the higher positioning of the newborn at
birth (at the level of mother’s abdomen vs. the vagina in vaginal deliveries) which prevents the
cord flow from the gravity effect [108]; and 3) the lack of uterine or vaginal compression, which
impedes newborns’ onset of breathing and placental transfusion [109, 110]. A recent systematic
review and meta-analysis of 15 studies that involved 8,477 women and their neonates found that
cesarean section was associated with an approximately 8.87 mL larger placental residual blood
volume compared with vaginal delivery, which would translate into a 3.0-7.0 mg lesser Fe
endowment of term neonates with an average birth weight of 3.3 kg [111, 112].
Another factor related to placental transfusion is the timing of umbilical cord clamping
after birth. This practice allows for the placental transfusion of 80-100 mL of blood to the
neonate by 3 minute after birth, which is equal to an additional 40-50 mg/kg of Fe in a full-term
newborn [111]. The 2008 Cochrane review included 11 clinical trials (n=2,989) and found that
infants who underwent late umbilical cord clamping (> 1 min after birth or after cessation of cord
pulsation) had positive effects in terms of higher Hb levels (weighted mean difference: 2.17
g/dL) and higher ferritin levels (weighted mean difference: 11.8 µg/L) over first 6 months of life
compared with infants who had early cord clamping (within 1 min after birth) [113]. However,
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there are concerns that delayed cord clamping is associated with increased risk of neonatal
jaundice as the Cochrane review indicated the increased need for early phototherapy in those
with late cord clamping [113].

Iron Status Assessment in Newborns
Currently no national statistics on the prevalence of ID and IDA exist in infants younger
than 12 months of age because the youngest age group examined in the NHANES study is 1 year
of age [114]. Assessment of Fe status in neonates is complicated because there is no single
biomarker for the measurement of all Fe compartments (RBC, functional, storage) and because
no normative values exist for many tests in newborns.
The complete blood count (CBC) is one of the most frequent lab tests ordered to assess
anemia. Determining whether a specific hematologic parameter is within the “normal” range
needs to be considered along with the sampling source of the blood because the lab results differ
for capillary and venous blood. Hemoglobin and Hct values measured from capillary blood are
higher compared to the venous blood, due to the hemoconcentration in the peripheral circulation
[115], and thus the current reference to define anemia in newborns is based on a central venous
Hb < 13.0 g/dL or a capillary Hb < 14.5 g/dL [115]. The reference ranges for Hb and Hct
concentrations established from ~40,000 neonates from a multi-hospital health care system is
currently the largest existing data in US regarding the neonatal hematological data [116].
However, the prevalence of anemia could not be estimated from this data because the site of
blood draw was not reported or differentiated in this study. A summary of the Hb concentrations
measured in cord blood is summarized in Table 1.4.
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Table 1.4 Summary of Hemoglobin Concentrations in Cord Blood [79, 117-126]

Choi et al.
(2000), n=527

Gestational age
(weeks) of the
infants studied
Term, 37-42 weeks

Assay Used

Electronic counter
(SE 90002,
Sysmex, Toa, Japan)
Cyanmethaemoglobin method

Mean ± SD or
mean (2.5th – 97.5th
percentiles), g/dL
15.9 ± 1.0

Correlations with other indicators
measured in cord blood or birth
characteristics
N/A

16.2 ± 2.3

Burman et al.
(1974), n=140

36 – 42 weeks

MacPhail et al.
(1980), n=103
Rios et al.
(1975), n=26
Sweet et al.
(2001), n=68
Kleven et al.
(2007), n=51

Full-term (weeks
not specified)
Full-term (weeks
not specified)
Term, 37-42 weeks

Cyanmethaemoglobin method

15.4 ± 1.7

Non-significant correlations with
birth weight (r = -0.073) or placental
weight (r = -0.037)
Cord ferritin (r= -0.35, P < 0.001)

Coulter Counter

16.0 (13.0 – 18.9)

N/A

Sysmex SE 9000 series analyzer

16.1 (12.7 – 19.4)

Term, ≥ 37 weeks

16.0 (13.6 – 18.3)

Ervasti et al.
(2007), n=199
Mukhopadhyay et
al. (2012), n=50

Term, 37-42 weeks

Coulter Counter
MD-16 (Beckman Coulter,
USA)
Advia 120 Hematology System

Cord TfR-F Index (r = 0.48, P
<0.01)
N/A

Term, 37-42 weeks

Not specified

Shao et al.
(2012), n=3,699
Lorenz et al.
(2013), n=100
Rehu et al.
(2010), n=191

Term, 37-42 weeks

Sysmex SE-9000 Auto
Hematology Analyzer
Sysmex SE-2100, ADVIA120
Hematology System
ADVIA120 Hematology
System

Term, 37-42 weeks
Term, ≥ 37 weeks

15.9 ± 1.5
(14.6 – 18.9)
15.8 ± 1.4

15.4 ± 1.6
(<13.0 g/dL: 5.6%)
15.5 ± 1.9
15.5 – 16.2

Cord TfR-F Index (r = 0.19, P
<0.01); sTfR: r= 0.29 (P <0.01)
Non-significant correlations with
cord ferritin (r= -0.2), cord serum Fe
(r= -0.14)
N/A
N/A
N/A
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Neonatal SF is a proxy of fetal Fe stores and is affected by length of gestation, ranging
from 63 µg/L to 171 µg/L from 23 to 41 weeks of gestation [127]. In the neonate, it is estimated
that every 1 µg/L of cord SF is equivalent to 2.7 mg of stored Fe, a ratio that is lower than that
estimated for adults (1 µg/L= 8-10 mg of stored Fe) [119]. Maternal Fe insufficiency has a
significant impact on cord SF, and a recent study in 3,702 pregnant women and their term-infants
by Shao et al. found that a threshold effect was evident at a maternal SF < 13.6 µg/L; every 1
µg/L decrease of maternal SF below this level predicted a 2.4 µg/L (β = 0.24, P = 0.001)
decrease in cord SF [125]. Cord SF has been recognized as a valuable measure in predicting
infant’s Fe status during the first 2 y of life [128, 129], and as a predictor for abnormal neural
myelination at birth [130] as well as impaired language ability and fine motor skills at 5 y of age
[131]. A summary of the ferritin concentrations measured in cord blood is summarized in Table
1.5.
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Table 1.5 Summary of Ferritin Concentrations in Cord Blood [79, 117, 119, 120, 122-128, 132]
Gestational age (weeks)
of the infants studied

Assay Used

Ferritin concentrations, µg/L

Choi et al. (2000),
n=527
Kleven et al. (2007),
n=51

Term, 37-42 weeks

Radioimmunoassay

Term, ≥ 37 weeks

ELISA (BioQuant)

Mean (2.5th – 97.5th percentiles): 183.3
(76.1 – 290.4)
Geometric mean (± 1 SD):
210.5 (58.1 – 362.4)

Ervasti et al. (2007),
n=199
Mukhopadhyay et al
(2012)., n=50
MacPhail et al. (1980),
n=103

Term, 37-42 weeks

Immulite 2000

Mean ± SD: 198 ± 137

Cord sTfR: r= -0.19 (P <0.01)

Term, 37-42 weeks

ELISA (Orgentec
Diagnostika)
Radioimmunoassay

Median (interquartile range):
141 (63 – 259)
Mean ± SD: 71.1 ± 34.0

Cord serum Fe (r= 0.2, P < 0.05)

Radioimmunoassay

Geometric mean (± 1 SD):
113 (80.8 – 157.9)

N/A

ELISA

Geometric mean (95% CI):
159 (148, 71)
Geometric mean (95% CI):
140.2 (119 – 165.8)
Median (interquartile range):
170 (59 – 381)
Median (interquartile range):
134 (40 – 309)
Median (interquartile range):
130 (67.8 – 188.3)
IUGR (Mean ± SD):
72.05 ± 47.69
AGA (Mean ± SD):
92.25 ± 55.62

Cord sTfR: ρ= -0.21 (P <0.001);
Gestational age: ρ= 0.13 (P = 0.02)
Lowest cord hepcidin group had the
lowest cord ferritin.
N/A

Rios et al. (1975), n=26

Hay et al. (2007),
n=363
Rehu et al. (2010),
n=191
Shao et al. (2012),
n=3,699
Siddappa et al. (2007),
n=308
Lorenz et al. (2013),
n=100
Briana et al. (2012),
n=151

Full-term (weeks not
specified), healthy
newborns
Full-term (weeks not
specified), healthy
newborns
Term, 37-42 weeks
Term, ≥ 37 weeks

ELISA

Term, 37-42 weeks

Chemiluminescence
immunoassay
Chemiluminescence
immunoassay
Not specified

Term, ≥ 37 weeks
Term, 37-42 weeks
IUGR: 38.4 ± 1.3 weeks
(n=47)
AGA: 39 ± 1.1 weeks
(n=104)

EIA (ALPCO
Diagnostics)

Correlations with other cord
blood indicators or birth
characteristics
N/A
N/A

Cord serum Fe (r= 0.28, P < 0.005)

N/A
Cord hepcidin: r= 0.56 (P <0.0001)
N/A
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Neonatal sTfR concentrations are influenced by the fetal erythropoietic activity in utero
as indicated by positive correlations with reticulocytes and Hb concentration [121]. However
data on cord blood sTfR and its relationship to other indicators of Fe status are limited, thus it
remains unclear whether enhanced erythropoiesis or ID have relatively larger contributions to
sTFR concentrations in neonates. A summary of the sTfR concentrations measured in cord blood
is provided in Table 1.6.

27

Table 1.6 Summary of Soluble Transferrin Receptor (sTfR) Concentrations in Cord Blood [79, 117, 121, 123, 128, 132]
Gestational age
(weeks) of the infants
studied
Term, 37-42 weeks

Assay Used

sTfR Concentrations,
mg/L

IDeA™ sTfR kits (Orion
Diagnostica, Orion Co.,
Finland)

Mean (2.5th – 97.5th
percentiles):
5.7 (4.4 – 6.9)

Ervasti et al. (2007),
n=199

Term, 37-42 weeks

Immunoturbidimetric
IDeA TfR-IT assay
(Orion Diagnostica,
Espoo, Finland)

Mean ± SD (95% CI):
2.0 ± 0.7 (1.2 – 4.0)

Cord ferritin: r= -0.19 (P <0.01);
Cord Hb: r= 0.29 (P <0.01)

Hay et al. (2007),
n=363

Term, 37-42 weeks

ELISA

Geometric mean (95%
CI): 7.3 (70, 7.6)

Ferritin: ρ= -0.21 (P <0.001);
Gestational age: ρ= 0.24 (P
<0.001);
Male newborns (7.8 [7.4, 8.3]
mg/L) had higher concentrations
than female newborns (6.7 [6.3,
7.2] mg/L) (P = 0.001)

Rehu et al. (2010),
n=191

Term, ≥ 37 weeks

Immunoturbidimetric
IDeA TfR-IT assay
(Orion Diagnostica,
Espoo, Finland)

Geometric mean (95%
CI): 1.9 (1.8 – 2.1)

Lowest cord hepcidin group had the
highest cord sTfR

Sweet et al. (2001),
n=68

Term, 37-42 weeks

Immunoenzymometric
assay (Orion Diagnostica)

Median (IQR):
8.4 (6.4 -10.6)

N/A

Briana et al. (2012),
n=151

IUGR: 38.36 ± 1.27
weeks gestation (n=47)
AGA: 38.98 ± 1.07
weeks gestation
(n=104)

EIA (Biovendor Research
and Diagnostic Products)

IUGR (median/range):
3.0 (1.22–8.19)

Cord EPO: r= 0.308 (P = 0.001);
Birth weight: r= -0.157 (P = 0.05)

Choi et al. (2000),
n=527

Correlations with other
indicators measured in cord
blood or birth characteristics
N/A

AGA (median/range):
2.33 (0.63–5.72)
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Neonatal EPO is of fetal origin and does not cross the placenta [133]. During fetal life
EPO is first synthesized in the yolk sac, followed by hepatic synthesis until the 3rd trimester, and
is then taken over by the kidney [134, 135]. Oxygenation of the fetal tissues depends on an
adequate supply of oxygen transfer from the maternal to the fetal circulation. Therefore, under
intrauterine hypoxemic conditions such as gestational diabetes, maternal smoking, and preeclampsia, fetal EPO production becomes stimulated to enhance red blood cell production. This
is likely to result in tissue ID as fetal Fe becomes preferentially utilized for Hb synthesis [136139]. Recent evidence indicates that amniotic fluid EPO concentrations may be a potential
marker for distinguishing between growth-restricted fetuses and constitutionally small fetuses
using a cutoff of 9.8 IU/L, that EPO concentrations above this level may be associated with
hypoxemic growth-restricted fetuses [140]. A review of the EPO concentrations measured in
cord blood is summarized in Table 1.7.
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Table 1.7 Summary of Erythropoietin Concentrations in Cord Blood [79, 122, 132, 136]
Gestational age
(weeks) of the infants
studied

Assay Used

Erythropoietin Concentrations

Correlations with other
indicators measured in cord
blood or birth
characteristics
N/A

Kleven et al. (2007),
n=51

Term, ≥ 37 weeks

Mean ± SD:
-AGA neonates: 10.99 ± 9.82 U/L
-LGA neonates: 12.41 ± 15.04 U/L

Briana et al. (2012),
n=151

IUGR: 38.4 ± 1.3 weeks
(n=47)
AGA: 39 ± 1.1 weeks
(n=104)

Radioimmuno
assay (DSL,
Webster, Tex.,
USA)
ELISA (Roche
Diagnostics)

-IUGR neonates:
Median (range):
17.3 (7.78–134.69) mIU/mL
-AGA neonates:
Median (range):
14.3 (3.8 – 103.7) mIU/mL

Cord sTfR: r= 0.308 (P =
0.001).

Rehu et al. (2010),
n=191

Term, ≥ 37 weeks

Immulite 2000

Geometric mean (95% CI):
Quartile 1: 49 (37 – 65) mIU/mL;
Quartile 2 & 3: 29 (24 – 36) mIU/mL;
Quartile 4: 24.3 (17.3 – 34) mIU/mL

N/A

Maier et al. (1993),
n=19

Term, 37-42 weeks

ELISA
(MEDAC
GmbH)

*Mean (range):
28.0 (11.9 – 55.3) mU/mL
*Median (quartiles):
25.1 (16.7 – 40.3) mU/mL

Umbilical arterial blood pH:
r= -0.28 (P <0.01);
Umbilical arterial base
deficit: r= 0.24 (P <0.01)
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Although very little is known about the development and function of hepcidin in
neonates at this time, studies to date suggest that hepcidin plays a key role in the neonatal Fe
homeostasis as evidenced by significant correlations between hepcidin and indicators of Fe status
and erythropoiesis in infants [141]. Neonatal hepcidin concentrations have been measured and
reported in a number studies and are summarized in Table 1.8 [79, 132, 141-143].
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Table 1.8 Summary of Hepcidin Studies in Newborns and Infants [79, 126, 132, 141, 142]
Gestational age (weeks)
of the infants studied

Assay Used

Hepcidin concentrations

Muller et al.
(2012), n=31

26.0 (23 – 32) weeks
gestation, n=31

ELISA (Intrinsic
LifeSciences)

Geometric mean (95% CI)
48.5 (33.0–71.3) ng/mL

Rehu et al.
(2010), n=191

40 1/7 (37 0/7 – 42 2/7)
weeks gestation, n=191

ELISA (Intrinsic
LifeScience LLC)

Geometric mean (95% CI)
69.3 (55.3–86.8) ng/mL

N/A

Wu et al.
(2013), n=65

Very low birth weight
infants (n=44): 26.2 ± 1.7
weeks gestation

ELISA (Intrinsic
LifeSciences)

*Healthy term infants:
26.8 – 67.7 ng/mL
*Infants without sepsis:
43.9 (5.3 – 89.8) ng/mL
*Infants with sepsis:
99.2 ng/mL, 244.8 ng/mL

No significant correlations with
gestational age, birth weight

Term infants (n=21):
38.8 ± 1.2 weeks gestation

Correlations with other
indicators measured in cord
blood or birth characteristics
Cord ferritin:
r= 0.53 (P=0.005)
Cord reticulocyte Hb content:
r=0.52 (P= 0.02)
Cord sTfR-F index:
r= -0.56 (P=0.005)
Cord CRP: r= 0.15 (P=0.57)

Briana et al.
(2013), n=151

IUGR: 38.36 ± 1.27 weeks
gestation (n=47)
AGA: 38.98 ± 1.07 weeks
gestation (n=104)

ELISA (DRG
International Inc.)

Median (range)
IUGR: 20.2 (2.82 – 50.91) ng/mL
AGA: 17.85 (4.75 – 69.2) ng/mL

No significant correlations with
EPO, ferritin, or sTfR

Lorenz et al.
(2013), n=100

24-42 weeks

ELISA (Intrinsic
LifeScience LLC)

Median (interquartile range) of
Term neonates (37-42 weeks):
13.9 (61.4- 149.2)

Cord ferritin:
r= 0.56 (P <0.0001)
Gestational age:
r= 0.53 (P <0.0001)
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Cord blood serum iron concentrations have been measured and reported in a number
studies and are summarized in Table 1.9. Significant positive correlations with cord serum
ferritin were observed in two studies [119, 124], however little has been reported regarding it’s
correlation with other Fe status indicators in cord blood.
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Table 1.9 Summary of Serum Iron Concentrations in Cord Blood [117, 119, 120, 122-124, 132, 144]
Gestational age
(weeks) of the infants
studied

Assay Used

Mean ± SD or mean (2.5th – 97.5th
percentiles)

Choi et al. (2000),
n=527

Male (n=274): 38.6 ±
2.6
Female (n=253): 38.9 ±
1.9

Automatic chemical
analyzer (Hitachi
7472, Hitachi, Tokyo,
Japan

1969.2 ± 508.9 µg/L

Rios et al. (1975),
n=26

Full-term (weeks not
specified), healthy
newborns

Not specified

138.3 ± 27.6 ng/100 ml
(born to mothers with ferritin < 9 µg/L);
143.9 ± 33.0 ng/100 ml
(born to mothers with ferritin > 9 µg/L)

N/A

Kleven et al. (2007),
n=51

Term, ≥ 37 weeks

Ferrozine reaction

-AGA neonates:
44.1 ± 31.0 µmol/L
-LGA neonates:
34.0 ± 21.9 µmol/L

N/A

Ervasti et al. (2007),
n=199

Term, 37-42 weeks

Konelab 60i system
(Thermo Fisher
Scientific, Vantaa)

27.4 ± 7.7 (12.2 – 42.1) mmol/L

N/A

Mukhopadhyay et al.
(2012), n=50

Term, 37-42 weeks

International
Committee for
standardization in
hematology

162 ± 64 µg/dL

Cord ferritin
(r= 0.2, P <0.05)

MacPhail et al.
(1980), n=103

Full-term (weeks not
specified), healthy
newborns

156.1 ± 56.0 µg/dL

Cord ferritin
(r= 0.28, P < 0.005)

Correlations with
other indicators
measured in cord
blood or birth
characteristics
N/A
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Table 1.9 (Continued)
Sweet et al. (2001),
n=68

Term, 37-42 weeks

Tripyridyltriazine
(TPTZ) method,
Technicon AAII
AutoAnalyzer

26.5 (22 – 29) µmol/L

N/A

Briana et al. (2013),
n=151

IUGR: 38.36 ± 1.27
weeks gestation (n=47)
AGA: 38.98 ± 1.07
weeks gestation (n=104)

Guanidine/FerroZine®
Method (Roche
Diagnostics)

IUGR (Mean ± SD):
153.8 ± 47.53 µg/dL

No significant
correlations with
cord hepcidin

AGA (Mean ± SD):
134.83 ± 51.84 µg/dL
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IV. Iron and Neurodevelopment
Pregnancy and early infancy (~ 2 y) are periods of rapid brain development. The neural
tube begins to form 16 days post-conception and the brain growth spurt occurs between the
second trimester through the first 24 months after birth [146]. Thus adequate nutrition is
important during this period for the developing brain in order to lay the foundation for future
cognitive, motor, socio-emotional skills. Under-nutrition during this period may influence the
development of the brain by interfering with the neurogenesis and differentiation processes.
Nutrients are needed for the growth of axons and dendrites, formation of synapses, and the
covering of axons with myelin, the fatty matter that accelerates the speed at which nerve
impulses are transmitted. Inadequate availability of energy, protein, fatty acids, and
micronutrients impairs these neurodevelopmental processes [147].
Insufficient Fe status may adversely affect brain development via alterations in brain
structures [148]. Recent studies in animals found that the hippocampus and striatum are two
areas where alterations in morphology are clearly noted [149, 150]. Decreased arborization of
dendrites have been noted in these structures, which results in decreased complexity of interneural connections. Another structural alteration associated with ID is altered composition and
amount of myelination [151, 152]. Oligodendrocytes (OG), the cells responsible for making
myelin, are the predominant cell type that contains Fe in the brain. [153]. Iron is required by the
OGs for the synthesis of fatty acids and cholesterol, the key components of the myelin sheath.
The role of Fe in myelination has been studied in transgenic mice containing human transferrin
genes expressed in OGs. In these mice, an approximate 30% increase in myelin lipids and
proteins was observed with normal myelin thickness and compaction, which also led to improved
locomotion and cognitive ability in offspring [154]. Iron may also impact the development of
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OGs by modulating the proliferation of OG precursor cells (OPC). Morath and Mayer-Proschel
demonstrated that ID during pregnancy can disturb the generation of OG from OPC in a rat
model of maternal ID [155]. Therefore, Fe plays a major role in production of functional OGs in
the developing fetus although more human data are needed to fully explore this question. In sum,
maternal ID may lead to downstream effects on infant and adult cognitive function.
While studies in rodents provide the supporting biological basis pertinent to humans,
several studies in infants have shown that neonatal Fe status is associated with short and longterm neurodevelopmental outcomes. Tamura et al. reported that infants born with cord SF < 76
µg/L had poorer performance in fine motor skills and language development at age 5 y compared
to those born with cord SF ≥ 76 µg/L [131]. Of note in this study, the highest cord SF quartile
was associated with a 3.3-times increased odds of having a full-scale intelligence-quotient score
lower than 70 (the 15th percentile cutoff score). Another study found that infants born to diabetic
mothers with cord SF ≤ 34 ng/mL had poorer auditory recognition memory as newborns and
lower psychomotor developmental scores at 1 y compared to those with cord SF > 34 ng/mL
[156].

V. Auditory Brainstem Response
Auditory brainstem response (ABR) is a non-invasive neurophysiologic test that
evaluates auditory neural maturation. This test uses transient acoustic signals that are presented
in a controlled repetition which then evokes synchronous discharges in the auditory nerve fibers
that are detected by electrodes that are attached on the mastoid (reference), midline of the
forehead (active), and shoulder (ground) [157]. This measure reflects electrical responses
generated from the auditory pathway (from the cochlea to the cortex) [158]. ABR waveforms are
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characterized by 5 vertex-positive peaks that reflect sequential activation of events which are
seen within 10 milliseconds (ms) after stimulus presentation, and represent synchronous neural
discharge from several locations along the auditory pathway [158].
ABR yields six outcome variables: Absolute Peak Latency (APL) (waves I, III, V) and
Inter-peak Latency (IPL) (I-III, III-V, I-V). Absolute Peak Latency represents the transmission
time from the stimulus onset to the origins of each wave in the auditory pathway: APL wave I
indicates time for the auditory signal to reach the acoustic nerve; APL wave III represents the
time to reach the lower part of the brainstem (cochlear nucleus complex), and APL wave V
indicates the time needed to reach the upper part of the brainstem (lateral lemniscus) [158].
Interpeak latencies are relative measures of latencies calculated as the time between peaks of two
different waves (I-III, III-V, I-V), and represents a general index of neural conduction time
between the respective locations of neural discharge along the auditory pathway. IPL I-III
reflects the degree of myelination in the peripheral compartment in the auditory pathway
whereas IPL III-V reflects the degree of myelination in the central compartment [159]. IPL I-V
represents the central conduction time (CCT) reflective of the overall integrity of the auditory
pathway. Longer CCT indicates slower nerve conduction velocity.
Myelination is essential for the functional maturation of the auditory system: myelination
of the cochlear nerve and the related auditory structures in the brainstem starts between 24 and
29 weeks of gestational age, and is completed between 40 and 44 weeks of gestational age [157,
160]. Maturation of the ABR waveforms is detected as a decrease in APLs and IPLs [161].
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Impact of Iron Status on Auditory Brainstem Response in Infants
Recent data in preterm and term infants found an association between the Fe endowment
at birth and ABR outcomes measured between 24 and 48 hours after birth. Cord ferritin
concentrations between 11-75 µg/L in preterm infants (27-33 weeks gestational age) were
significantly associated with prolonged APL of wave III and wave V compared to infants with
cord SF between 11-75 ng/mL [130]. Similar findings were observed in a study of neonates ≥ 35
weeks gestational age, in which neonates with cord ferritin < 75 ng/mL had prolonged IPL of
wave III-V and wave I-V [162].
Several observational studies and clinical trials conducted in infants and older children
using ABR also have examined the effect of Fe status on brain function with mixed results. In 55
Chilean infants, ABR was measured at 6, 12, and 18 months as a part of a larger trial that aimed
to examine the efficacy of prevention of infant ID using Fe supplementation [163]. All infants in
the ABR study were provided with ferrous sulfate (15 mg/kg) for 1-year (therapeutic dose for
anemic infants). At 6 months, Hb concentrations were improved in the IDA infants, yet no
significant differences were noted for CCT between IDA vs. non-anemic infants. At the 1-year
follow up, both IDA and non-anemic infants exhibited the expected developmental decreases in
CCT, however IDA infants’ developmental progression did not catch up with non-anemic infants
as determined by the decreases in CCT. No improvement in the CCT was noted despite the
enhanced hematological indices obtained as a result of the 1-year of Fe therapy implying that a
negative electrophysiological effect of ID in early life likely persisted in spite of Fe repletion
[163].
In a follow up study of the Chilean infants studied by Algarin et al. [165], ABR was
measured in the formerly IDA children at preschool age (n=29, 4.26 ± 0.1 y), and the formerly
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non-anemic infants were studied as a control group at the follow-up age (n=35, 4.32 ± 0.08 y)
[165]. Formerly IDA infants were found to have significantly longer APLs I, III, V and IPLs I-V
and III-V compared to the control group. Based on the expected rate of change of central
conduction time extrapolated from the previous study [163], the authors projected that changes in
ABR development would be completed by 24 months of age. However this projection resulted in
a 2-year lag in development present between healthy and IDA children as the formerly IDA
children would not have achieved the expected level of ABR maturation until 6 y of age, in
comparison to the formerly non-IDA infants that achieved the expected at 4 y of age [165].
This study further supports the concept that the detrimental effects of IDA in early infancy can
be long lasting even after IDA is treated.
In a clinical trial that included infants ages between 6 and 24 months [164], infants with
IDA (n=25, 14.6 ± 3.7 months) and ID (n=24, 13.2 ± 2.6 months) were given a 5 mg/kg oral
dose of Fe sulfate on a daily basis for 12 weeks. Iron sufficient infants (n=44, 13.1 ± 2.7 months)
were also included as a control group, and ABR measurements were obtained before and after
the supplementation in all three study groups. Similar to the Chilean study [163], both ID and
IDA infants showed a sufficient response to the Fe supplementation as their Hb increased by 4.7
g/dL (IDA) and 1.5 g/dL (ID). However, ABR outcomes showed no significant differences
between infants with IDA, ID and healthy control infants. Additionally, no significant changes
were detected in ABR latencies compared to the measurements assessed prior to the
supplementation. Although slight decreases in latencies were detected, this was attributed to
developmental changes rather than improved hematological responses [164]. A summary of
ABR studies undertaken in neonates is presented in Table 1.10.
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Table 1.10 Summary of ABR studies in Newborns [130, 162,170, 171, 172]
Study
Amin et al.
(2010),
n=80

Subject
characteristics
27–33 weeks GA at
birth, admitted to
NICU
CF 11-75 ng/mL:
GA: 29.1 ± 1.4 wks
Birth weight: 1271 ±
386 g
Male: 57% (20/35)
Female: 43% (15/35)
Race (White): 74%
CF >75 ng/mL:
GA: 29.4 ± 2 wks
Birth weight: 1325 ±
371 g
Male: 47% (21/45)
Female: 53% (24/45)
Race (White): 62%

Amin et al.
(2013),
n=45

≥35 weeks GA at
birth, admitted to
newborn nursery
CF 11-75 ng/mL:
GA: 37.7 ± 1.2 wks
Birth weight: 3350 ±
1098 g
Male: 58% (7/1
Race (White): 58%
CF >75 ng/mL:
GA: 38.7 ± 1.2 wks
Birth weight: 3252 ±
624 g
Male: 36% (12/33)
Race (White): 72%

Methods

Results

Note

Cord ferritin (CF):
chemiluminescence immunoassay

CF 11-75 ng/mL: 44% (35/80)
APLs (mean ± SD):
APL I: 2.68 ± 0.75 msec
APL III: 6.73 ± 0.99 msec
APL V: 9.84 ± 1.02 msec

APL I: P = 0.06
APL III: P = 0.02
APL V: P = 0.02

ABR: Biological Navigator Evoked
Response
System (Bio-Logic Systems Corp.,
Mundelein, IL): 80 dB nHL
broadband click stimuli; 29.9/sec
repetition rate; 3 runs of 2000
repetition for each ear; 2 most
replicable runs for each ear averaged
and used for analysis; used “better
ear” finding for each infant

Cord ferritin (CF):
chemiluminescence immunoassay
ABR: Biological Navigator Evoked
Response System (Bio-Logic
Systems Corp., Mundelein, IL): 80
dB nHL broadband click stimuli;
69.9/sec repetition rate; 3 runs of
2000 repetition for each ear; 2 most
replicable runs for each ear averaged
and used for analysis; used “better
ear” finding for each infant

*No gender effect

CF >75 ng/mL: 56% (45/80)
APLs (mean ± SD):
APL I: 2.17 ± 0.57 msec
APL III: 6.11 ± 0.91 msec
APL V: 9.26 ± 0.99 msec

CF 11-75 ng/mL: 27% (12/45)
IPLs (mean ± SD):
IPL I: 3.02 ± 0.61 msec
IPL III: 2.99 ± 0.52 msec
IPL V: 6.02 ± 0.39 msec

IPL I: P = 0.85
IPL III: P = 0.03
IPL V: P = 0.04
*No gender effect

CF >75 ng/mL: 73% (33/45)
IPLs (mean ± SD):
IPL I: 3.05 ± 0.40 msec
IPL III: 2.68 ± 0.37 msec
IPL V: 5.73 ± 0.42 msec
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Table 1.10 (Continued)
Amin et al.
(2012),
n=17

≤32 weeks GA at
birth, admitted to
NICU
GA: 26.4 weeks
(range: 26.1 - 32.5
weeks)
Mean birth weight:
1,155 g (range: 590 1890 g)
Male: 47% (8/17)
Female: 53% (11/17)
Race (White): 65%

ABR: Biological Navigator Evoked
Response System (Bio-Logic
Systems Corp., Mundelein, IL):
Electrode sites: mastoid (reference),
midline on high forehead or crown of
the head (active), and shoulder
(ground); 3 runs of 2000 repetition
for each ear; 2 most replicable runs
for each ear averaged and used for
analysis; 19.9/s, 29.9/s, and 69.9/s
repetition rates; an ABR response
with all five waves (I-V) was defined
as a most complete ABR response,
and an ABR response with at least
waves I, III, V (essential components)
was defined as a pass ABR response.
*Iron Status Indicators not measured

Li et al.,
(2013),
n=203

111 preterm (27–36
weeks GA);
92 term infants (37–
41 weeks GA);
ABR tests conducted
at 6 weeks of age
(corrected age if
preterm)

ABR: Biologic Navigator/Traveler
evoked potential system (Bio-Logic
Systems Corp., Mundelein, IL);
Repetition rate of 31.30/sec; intensity
of 80 dB nHL; 1300 stimuli averaged
to complete each run, two
consecutive averages obtained for
each ear to determine response
replicability.

19.9/s (n=17, mean ± SD):
APL I: 1.86 ± 0.34 msec
APL III: 4.67 ± 0.32 msec
APL V: 7.32 ± 0.33 msec
IPL I-III: 2.81 ± 0.27 msec
IPL III-V: 2.64 ± 0.31 msec
IPL I-V: 5.46 ± 0.42 msec
29.9/s (n=17, mean ± SD):
APL I: 1.89 ± 0.28 msec
APL III: 4.78 ± 0.28 msec
APL V: 7.46 ± 0.25 msec
IPL I-III: 2.89 ± 0.16 msec
IPL III-V: 2.68 ± 0.26 msec
IPL I-V: 5.58 ± 0.28 msec
69.9/s (n=17, mean ± SD):
APL I: 2.02 ± 0.33 msec
APL III: 5.13 ± 0.39 msec
APL V: 8.17 ± 0.32 msec
IPL I-III: 3.06 ± 0.34 msec
IPL III-V: 3.04 ± 0.30 msec
IPL I-V: 6.11 ± 0.37 msec

Shorter latencies with
(29.9/s, 19.9/s) compared
with 69.9/s are consistent
with previously reported
findings in term neonates
and premature infants at
term age;
No difference in APLs and
IPLs between 19.9/s vs.
29.9/s;
29.9/s click rate allows for
a more efficient collection
of data because it is more
time efficient without
losing valuable
information.
*No gender effect

Males had longer latency
than females for all ABR
parameters (P ≤ .01),
except for APL I.
Significant 3-way
interaction: Preterm/Term
group*sex*GA on the
wave I-V (P=0.05)

Latency values obtained for both ears
were averaged, resulting in a mean
value for each measure.
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Table 1.10 (Continued)
Eldredge et
al., (1996),
n=452

GA: 33.0 ± 4.5 wks
(range 26-43 wks)

ABR: Synap, Gestron Engineering,
TDH-39 transducer (Telephonics)

Birth weight: 1942 ±
992 g (range 6255050 g)

Repetition rate: 55/s, 50 dB nHL.

Males 51% (n=232);
Females: 49%
(n=220)
Race not mentioned

Duplicate averages of
1000-3000 trials obtained, and the
sum of the two waveforms was the
source of all measurements.

32-34 weeks
APL I: 1.62 ± 0.28 msec
APL III: 4.40 ± 0.34 msec
APL V: 7.04 ± 0.42 msec
IPL I-III: 2.83 ± 0.27 msec
IPL III-V: 2.60 ± 0.26 msec
IPL I-V: 5.43 ± 0.37 msec
35-37 weeks:
APL I: 1.52 ± 0.28 msec
APL III: 4.29 ± 0.31 msec
APL V: 6.74 ± 0.36 msec
IPL I-III: 2.77 ± 0.24 msec
IPL III-V: 2.45 ± 0.25 msec
IPL I-V: 5.22 ± 0.33 msec

Significant effects of GA
were evident for all ABR
measures across
the range of ages studied;
Significant differences in
APLs III, V by gender;
females exhibited shorter
APLs III, V

38-41 weeks:
APL I: 1.45 ± 0.27 msec
APL III: 4.14 ± 0.34 msec
APL V: 6.40 ± 0.33 msec
IPL I-III: 2.69 ± 0.24 msec
IPL III-V: 2.26 ± 0.25 msec
IPL I-V: 4.95 ± 0.24 msec
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Critical Gestational Windows of Maternal ID and Functional Outcomes in the Offspring
A growing body of literature on developmental programming demonstrates the
importance of the Fe endowment in utero on long-term functional consequences, and indicates
that there are critical windows for the role of Fe on fetal development [166-168]. At this time
few data are available regarding the stage of maternal ID and its impact on neurodevelopmental
outcomes. In an animal model, maternal iron restriction initiated prior to conception and during
the first trimester was associated with altered neural functions in the offspring as shown by the
prolonged latencies of ABR measures [107]. In an observational study of pregnant women that
were followed from 13 weeks of gestation to term, maternal ID (defined as transferrin saturation
< 16% and SF < 12 µL), during the 1st and 2nd trimester were associated with decreased neonatal
autonomic stability (signs of stress related to homeostasis adjustments in the CNS system),
whereas ID during the 3rd trimester was associated with less mature motor tone and activity, and
a lower capacity for neonatal self-regulation (ability to regulate his or her state under increasing
degree of stimulation) [169]. These studies support the concept that identifying the key windows
of vulnerability of maternal ID will improve our understanding of the therapeutic opportunity
when iron supplementation may best correct or prevent functional deficits in the offspring. More
studies on this subject are needed to understand the duration and magnitude of ID that would
result in altered neurodevelopmental outcomes in the developing fetus.
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VI. Auditory Brainstem Response (ABR) Study
Adolescents (≤ 18 y of age) were recruited from the Rochester Adolescent Maternity
Program (RAMP) in Rochester NY between 2006 and 2012. The ABR study was initiated as a
continuation of another on-going study (Teen Bone Study; TBS) designed to characterize
changes in maternal and fetal bone health across pregnancy. These two studies were designed in
a similar way with a primary difference being that mid-pregnancy blood samples were only
collected from the participants in the bone health study, while blood samples were obtained at
delivery from all adolescents. A total of 255 teens participated in this study; 111 adolescents
participated in the TBS only (2006-2008), 47 adolescents participated in both TBS and ABR
studies (2008-2010), and 97 adolescents participated in the ABR study only (2010-2012)
(Figure 1.1).

Figure 1.1 Study Recruitment Timeline
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Adolescents were eligible to participate in the study if they were carrying a single fetus
and did not have any preexisting medical complications (HIV-infection, eating disorders,
malabsorption diseases, steroid use, substance abuse history, or those taking medications known
to influence Fe homeostasis). Those who had pregnancy induced hypertension or elevated
diastolic blood pressure (> 110 mm Hg) were not eligible to participate in the study. Teens who
were previously treated for lead exposure or those that had been identified as having elevated
blood lead concentrations during childhood were also excluded from the study. Informed consent
was obtained from teens (15 – 18 y) that volunteered to participate in this study. In teens that
were 14 y of age or younger, informed consent and assent were obtained from both teens and
their parent/guardians. The study was approved by the Institutional Review Boards (IRB) at the
University of Rochester and Cornell University. Figure 1.2 shows the timeline of data collection
of the ABR study.

Figure 1.2 Data Collection Timeline of the Auditory Brainstem Response Study
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Demographic and health history information were collected at the entry into the study by selfreport when teens were interviewed with the health project coordinator using a questionnaire.
Dietary intake data were collected via 24-hour recalls, and data on use of multivitamin/mineral
supplements was queried by self-report at each study visit. These data collection forms are
presented as Appendices 1 - 4. Table 1.11 summarizes the types of data collected in the ABR
study. Detail information on the biochemical assays utilized in this study is summarized in Table
1.12.
At delivery, maternal (15 ml) and cord blood samples (15 ml), and placental tissue were
obtained. Newborns received an Auditory Brainstem Response (ABR) test within 48 hours of
birth. A study sample size of 140 was designed to detect similar differences in primary outcomes
of ABR test between neonates with low cord ferritin (11 – 75 μg/L) vs. high cord ferritin (> 75
μg/L) based on a previous ABR study conducted at the University of Rochester [130, 162]
(Table 1.13) assuming that in a population of 140 infants 30% of the group would have low Fe
stores at birth.
Medical charts were reviewed after birth by the health project coordinator and the charts
of neonates with any adverse health conditions at birth were subsequently evaluated by the study
neonatologist (Dr. Ronnie Guillet) to identify infants that experienced the following exclusionary
conditions: perinatal asphyxia, pathologic neonatal hyperbilirubinemia (bilirubin > 12 mg/dL on
the day of ABR testing), respiratory disease, antibiotic therapy, CNS infection, sepsis, congenital
or middle or external ear lesions, craniofacial anomalies, chromosomal disorders, TORCH
infections (toxoplasmosis, other infections, rubella, cytomegalovirus infection and herpes
simplex), born to mothers with positive drug abuse screens at delivery, or clinically unstable with
the first 48 h post-delivery.
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Table 1.11 Types of Data Collected in the Auditory Brainstem Response Study
Demographics & Health
Maternal &
Placenta
History Questionnaire
Cord Blood













Age / gestational age at
entry to prenatal care
Gynecological age
Race/ethnicity
Parity
Pre-pregnancy weight,
height, BMI
Sexually transmitted
disease (STD)
Alcohol & use of cigarette
Medical insurance status
WIC participation
Marital status
Dietary intake (24-hour
recall)
Prenatal supplement use














Hemoglobin
Hematocrit
Ferritin
Soluble
Transferrin
Receptor
Hepcidin
IL-6
C-Reactive Protein
Erythropoietin
Serum iron
Folate
Vitamin B12







Weight/length
Width/volume
Surface area
Gene/protein
expression
Placental [Fe]

Medical Records
after Delivery







Type of delivery
Duration of labor
Neonatal gender
Birth weight, length
Head circumference
APGAR scores
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Table 1.12 Assay Information of the Biochemical Indicators Measured in the ABR study
Assay
Manufacturer
Cost per sample
(in duplicate
measures)
Enzyme-linked
Ramco Laboratories, Inc.
$4.60
Ferritin
Immunosorbent Assay
(ELISA)
Enzyme-linked
Ramco Laboratories, Inc.
$13.20
sTfR
Immunosorbent Assay
(ELISA)
Graphite furnace atomic Perkin Elmer AAnalyst 800
Serum Iron
absorption
spectrophotometry
Competitive-ELISA
Intrinsic Life Sciences LLC
$50.00
Hepcidin
(C-ELISA)
color coded fluorescent Millipore Magnetic Multiplex®
$ 7.40
IL-6
beads
MAP kit
Chemiluminescence
Siemens Immulite® 2000
$25.38
Erythropoietin
immunoassay
Chemiluminescence
Siemens Immulite® 2000
$26.90
CRP
immunoassay
Chemiluminescence
Siemens Immulite® 2000
$11.00
Folate
immunoassay
Chemiluminescence
Siemens Immulite® 2000
$11.00
Vitamin B12
immunoassay

Serum volume used
for the assay (in
duplicate measures)
20 ul

10 ul

25 ul

100 uL
40 uL
250 ul
10 ul
150 ul
150 ul
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Table 1.13 Summary of Sample Size Needed to detect the Reported Difference in Peak Latencies as a Function of Low Iron Stores
Amin et al. (2010) [130]

Ferritin

Ferritin

> 75 μg/L

11-75 μg/L

> 75 μg/L

N=35

N=45

N=12

N=33

Gestational Age (wks)

29.1 ± 1.4

29.4 ± 2.0

37.7 ± 1.2

38.7 ± 1.2

Umbilical Cord Ferritin (μg/L)

Mean 42

Mean 164

Mean 37

Mean 187

Median 41

Median 118

Median 29

Median 160

2.68 ± 0.75

2.17 ± 0.57

APL I (msec)
Sample size needed to achieve power = 80% (P = 0.05)
APL III (msec)
Sample size needed to achieve power = 80% (P = 0.05)
APL V (msec)
Sample size needed to achieve power = 80% (P = 0.05)

Ferritin

Ferritin

11-75 μg/L

Amin et al. (2013) [162]

6.73 ± 0.99

6.11 ± 0.91

9.84 ± 1.02

9.26 ± 0.99

-

0.02

N/A
-

0.02

N/A

-

3.02 ± 0.61

2.99 ± 0.52

0.85

2.68 ± 0.37

0.03

Total 84 (11-75 μg/L: n=25; > 75 μg/L: n=59)
6.02 ± 0.39

-

3.05 ± 0.40

N/A
N/A

IPL I-V (msec)
Sample size needed to achieve power = 80% (P = 0.05)

-

Total 105 (11-75 μg/L: n=42; > 75 μg/L: n=63)
N/A

P

N/A

Total 84 (11-75 μg/L: n=28; > 75 μg/L: n=56)

IPL III-V (msec)
Sample size needed to achieve power = 80% (P = 0.05)

0.06

Total 70 (11-75 μg/L: n=21; > 75 μg/L: n=49)

IPL I-III (msec)
Sample size needed to achieve power = 80% (P = 0.05)

P

5.73 ± 0.42

0.04

Total 73 (11-75 μg/L: n=22; > 75 μg/L: n=51)
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Teen Bone Study (TBS): source of archived maternal and neonatal serum and placental
tissue
One of the study aims of the ABR study was to use our sample archive from the TBS
study to evaluate correlations between maternal and neonatal Fe status measures. This also
allowed us to maximize the information obtained while minimizing the resources needed to
undertake the study. A cohort of 171 pregnant adolescents (≤ 18 y) participated in the TBS
study: 13 participants were recruited from the Maternity Center East Clinic in Baltimore MD,
and were followed until delivery at Johns Hopkins Hospital (Baltimore, MD); 158 participants
were recruited at RAMP in Rochester NY. Heel sound sonogram data were also obtained at each
visit only for the teens who participated in the TBS study. Sufficient blood samples were
collected and archived for the analyses planned and the consent was worded so that we had
approval to screen for additional nutritional status indicators. Figure 1.3 shows the timeline of
data collection of the TBS study.

Figure 1.3 Data Collection Timeline of the Teen Bone Study
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ABSTRACT
A longitudinal study was undertaken in 156 pregnant adolescents (≤ 18 y) to characterize
dietary intake and to determine the degree to which prenatal supplement use compensates for
dietary deficits. The adequacy of dietary intake was assessed by comparing self-reported intake
from up to three 24-hour dietary recalls to the Dietary Reference Intakes (DRI). The majority of
teens did not meet the Estimated Average Requirements (EAR) for vitamin D (92%), vitamin E
(95%), magnesium (88%), iron (76%) and calcium (73%). More than half of the adolescents in
each gestational window (< 23 weeks; 23-30 weeks; and ≥ 31 weeks gestation) self-reported
daily use of prenatal supplements, but the additional supplement contribution were not sufficient
to meet the EAR for magnesium (88%) or calcium (54%). Pregnant adolescents are at risk for
insufficient intake of several essential nutrients from diet alone in spite of adequate or excessive
energy intakes. Daily use of prenatal supplements reduces the prevalence of dietary inadequacy
for many nutrients but may not be sufficient to meet the requirements for magnesium and
calcium. Practitioners should identify motivators and barriers to adequate diet and prenatal
supplement use in order to address key nutrients of concern.

63

INTRODUCTION
In 2011, the birth rate for US teens (15-19 y) was 31.3 per 1,000 [1]. Previously
recognized health issues of concern for this group include inadequate gestational weight gain,
increased risks of preeclampsia, anemia, sexually transmitted diseases, fetal death in utero,
preterm delivery (< 37 weeks’ gestation), and low birth weight (LBW, < 2,500 g) [2, 3]. Late
entry into prenatal care, sociodemographic and life style factors (poverty, unmarried marital
status, low educational levels, smoking, drug use) and physiological factors (gynecological
immaturity, competition for nutrients between the mother and the fetus) have been associated
with restricted fetal growth and increased risk of LBW in this age group [3].
Poor quality diets have also been linked to adverse birth outcomes. Iron deficiency has
been associated with increased risk of preterm birth and LBW [4, 5], increased sugar intake has
been associated with LBW and small-for-gestational age (SGA) deliveries [6], and folate
deficiency has been associated with increased risk of preterm birth and LBW [7]. As diet is a
modifiable life style factor that can be used to improve birth outcomes, targeted screening and
assessment in pregnant adolescents is essential when designing interventions to promote optimal
pregnancy outcomes. Although meeting the nutrient needs through a healthy diet alone is
optimal, many adolescents fail to achieve the DRI for key nutrients during pregnancy. Data from
1999-2004 NHANES found that children and adolescents with healthier nutrition, more active
lifestyles, greater food security, and greater health care access were more likely to use vitamin
and mineral supplements [8]. However limited descriptive data on dietary intake are available in
adolescent cohorts and even less is known about prenatal supplement usage among pregnant
adolescents. This study was undertaken to: 1) examine dietary intake and the prevalence of
inadequate intake of key nutrients across pregnancy; and 2) assess supplement use in this group
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and the degree to which prenatal supplements helped bridge gaps for nutrients of concern.

PARTICIPANTS AND METHODS
Pregnant adolescents receiving prenatal care at the Rochester Adolescent Maternity
Program (RAMP) in Rochester NY were recruited between 2006 and 2009 (n=156). Adolescents
who were ≤ 18 y, carrying a single fetus, 12 - 30 weeks of gestation at entry into the study, and
otherwise healthy were eligible to participate. Written informed consent was obtained, and assent
(those 13-14 y), and the study was approved by the Institutional Review Boards of the University
of Rochester and Cornell University. Teens attended up to three study visits across pregnancy
and 24-hour dietary recalls were administered by a single health project coordinator who was
trained in conducting diet recalls by the research dietitians at the University of Rochester’s
Clinical and Translational Science Center (CTSC). Brand names of foods were recorded so that
nutrient composition could be more accurately analyzed in the database. Dietary recall data were
entered into the Nutrient Data System for Research (versions 2006, 2008, and 2009, Nutrition
Coordinating Center, University of Minnesota, Minneapolis, MN) and analyzed by a registered
dietitian at the University of Rochester CTSC. Contributions from supplemental vitamins were
not included in the dietary recall nutrient calculations.
Macronutrient intakes were compared to the Acceptable Macronutrient Distribution
Range (AMDR). Currently there is no Dietary Reference Intake (DRI) for saturated fat intake,
thus saturated fat intake was compared to the 2010 Dietary Guidelines for Americans (< 10% of
total caloric intake) [9]. The prevalence of inadequate intake of vitamins and minerals was
calculated as the proportion of individuals whose intakes were below the Estimated Average
Requirement (EAR), which represents the amount of nutrient estimated to meet the requirements
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of half the healthy people in a particular life stage and gender group, and estimates the
prevalence of inadequacy for groups [10]. Dietary data were grouped into three gestational
windows (GW): < 23 weeks; 23 - 30 weeks; ≥ 31 weeks gestation to characterize dietary intake
across gestation. If multiple recalls were collected within the same GW from the same person
(n=60), average intake values were used for analyses.
All pregnant teens attending RAMP were prescribed a standard prenatal supplement
containing: vitamin A (1,200 μg), vitamin C (120 mg), vitamin D3 (10 μg), vitamin E (22 mg),
thiamin (1.84 mg), riboflavin (3 mg), niacin (20 mg), vitamin B6 (10 mg), vitamin B12 (12 µg),
folic acid (1000 µg), calcium (200 mg), iron (27 mg), zinc (25 mg), and copper (2000 µg). If the
adolescent reported intolerance to, or had difficulty with this supplement, a pediatric supplement
was recommended of which teens were advised to consume two pills per day to account for their
25-50% lower nutritional content.

Data Analysis
Distributions of nutrients were evaluated and descriptive statistics of nutrients were
calculated. Two sample t-tests and one-way ANOVA with Bonferroni correction for multiple
testing were used to test for differences in mean nutrient intake as a function of age group, race,
ethnicity and GWs. Non-normally distributed variables were log-transformed to achieve
normality. The level of significance was set at P <0.05. All analyses were performed using SAS
(version 9.2, 2008, SAS Institute Inc, Cary, NC) and JMP (version 8, SAS Inc, Cary, NC).
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RESULTS
Table 2.1 presents the socio-demographic characteristics of the teen mothers who
provided at least one dietary recall. Seventy two percent of the teen mothers (n=112) were
enrolled in the Supplemental Nutrition Program for Women, Infants and Children (WIC).
Current use of cigarettes or alcohol were reported by 11% (n=17) and 1% (n=1) of adolescents,
respectively. The average gestational weight gain (GWG) of the overweight (18.9 ± 9.3 kg) and
obese teens (15.7 ± 8.8 kg) exceeded Institute of Medicine guidelines [11]. Among the 156 teens,
7 (4%), 45 (29%) and 104 (67%) teens provided one, two, or three dietary recalls across
gestation, respectively. Mean dietary intake in each GW and overall intake across pregnancy are
presented in Table 2.2.

Table 2.1 Characteristics of Pregnant Adolescents (n=156)
Mean ± SD
% (n)
17.1 ± 1.1
Age
Race
African American
64 (99)
Caucasians
35 (55)
American Indian
1 (2)
Ethnicity
Hispanic
25 (39)
Non-Hispanic
75 (117)
1
2
24.8 ± 5.4
Pre-pregnancy BMI (kg/m )
< 18.5 (Underweight)
7 (11)
18.5-24.99 (Normal)
55 (85)
25.0-29.99 (Overweight)
21 (32)
≥ 30.00 (Obese)
17 (26)
17.1 ± 7.9
Gestational weight gain (kg)
< Recommended
14 (21)
Recommended
26 (38)
> Recommended
60 (89)
1

World Health Organization BMI categories.
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Table 2.2 Dietary Intake of Pregnant Adolescents1
AMDR/EAR2

Week Gestation
Week Gestation
Week Gestation
Mean Over Pregnancy
< 23 wks
23 - 30 wks
≥ 31 wks
n = 95
n = 122
n = 132
n = 156
18.4 ± 2.7
27.0 ± 1.8
34.5 ± 2.1
27.7 ± 4.0
Average Wk of Gestation
2245.7 ± 869.1
2298.3 ± 908.6
2315.3 ± 880.6
2286.9 ± 662.8
Calories (kcal)
45-65%
291.3 ± 126.7
303.2 ± 131.8
294.9 ± 124.3
297.2 ± 96.7
Carbohydrate (g)
20-35%
89.8 ± 40.3
89.1 ± 42.2
93.2 ± 43.5
90.6 ± 31.6
Fat (g)
10-35%
74.6 ± 26.3
76.9 ± 34.8
80.5 ± 33.6
77.1 ± 23.7
Protein (g)
89.7 ± 58.9
102.8 ± 61.3
98.3 ± 61.8
98.5 ± 48.4
Added sugar (g)
26.0
14.0 ± 7.3
13.9 ± 7.4
13.9 ± 7.9
13.8 ± 5.5
Fiber (g)
530
642.7 ± 449.3
629.3 ± 425.8
711.1 ± 519.0
672.7 ± 328.0
Vitamin A3 (RAE/d)
10.0
4.6 ± 3.6a
4.8 ± 4.6a
5.7 ± 4.1b
5.1 ± 3.0
Vitamin D4 (µg)
5
12.0
6.2 ± 3.5
6.6 ± 3.9
7.2 ± 5.8
6.7 ± 3.2
Vitamin E (mg)
75.0
55.9 ± 40.4
73.5 ± 113.4
69.3 ± 78.1
69.9 ± 69.0
Vitamin K (µg)
66.0
113.9 ± 107.0
111.8 ± 106.0
95.0 ± 96.2
105.2 ± 78.9
Vitamin C (mg)
1.2
1.9 ± 1.0
2.1 ± 1.2
2.1 ± 1.0
2.1 ± 0.9
Thiamin (mg)
1.2
2.2 ± 1.0
2.4 ± 1.6
2.5 ± 1.2
2.4 ± 1.2
Riboflavin (mg)
14.0
23.7 ± 11.5a
24.7 ± 14.0a
28.0 ± 13.5b
25.8 ± 11.3
Niacin (NE)
1.6
2.0 ± 1.0
2.0 ± 1.4
2.2 ± 1.1
2.1 ± 1.2
Vitamin B6 (mg)
2.2
5.0 ± 3.1
5.5 ± 3.8
5.7 ± 3.8
5.4 ± 2.6
Vitamin B12 (µg)
520
710.2 ± 483.1
836.5 ± 1488.4
853.1 ± 622.5
873.0 ± 1303.2
Folate (DFE)
23.0
17.1 ± 9.8
18.5 ± 12.3
19.0 ± 10.0
18.6 ± 9.7
Iron (mg)
785
1080.4 ± 494.6
1126.2 ± 561.6
1084.4 ± 539.8
1086.2 ± 397.7
Copper (µg)
10.5
11.2 ± 5.2
12.7 ± 9.6
12.8 ± 6.9
12.7 ± 7.7
Zinc (mg)
335
224.9 ± 91.0
229.0 ± 102.1
241.3 ± 118.2
232.7 ± 82.5
Magnesium (mg)
1055
1139.1 ± 442.6
1201.8 ± 588.8
1255.8 ± 536.4
1205.0 ± 400.2
Phosphorus (mg)
1100
848.2 ± 442.2
890.7 ± 581.6
907.7 ± 488.1
887.7 ± 373.3
Calcium (mg)
1
Data are expressed as mean ± SD. Values within a row that do not share a common superscript statistically differ (p < 0.05).
Dietary intakes were not measured from 61, 34, and 24 adolescents in < 23 weeks, 23 – 30 weeks, and ≥ 31 weeks gestational window, respectively.
2
Acceptable Macronutrient Distribution Ranges / Estimated Average Requirements for pregnancy in those ages 14-18 y.
3
1 RAE = 1 µg retinol, 12 µg β-carotene, 24 µg α-carotene, or 24 µg β-cryptoxanthin in foods.
4
As cholecalciferol. 1 μg cholecalciferol = 40 IU vitamin D
5
As α -tocopherol
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Diet recalls were not collected from 61 teens during the < 23 weeks gestational window,
34 teens during the 23-30 weeks gestational window, and 24 adolescents at ≥ 31 weeks gestation.
Caloric intake from carbohydrate and protein were within the AMDR ranges but the percentage
of energy obtained from fat exceeded recommended level (20-35%) every GW. Seventy eight
percent of teens exceeded the recommended intake level for saturated fat (≥ 10% of total caloric
intake), and one-third (32%) consumed more than 20% of their daily energy intake from added
sugar. No significant differences were found in the mean nutrient intakes across the three GWs
except for vitamin D and niacin. A substantial proportion of teens had inadequate intakes for
vitamin D (92%), vitamin E (95%), and magnesium (Mg, 88%), followed by iron (Fe, 76%) and
calcium (Ca, 73%) (Table 2.3). No significant differences were observed as a function of
maternal race, ethnicity or age group for any of the nutrients examined.
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Table 2.3 Percentage of Study Population Ingesting Inadequate Dietary Intakes of Selected
Nutrients1
Week Gestation Week Gestation Week Gestation Mean Over
< 23 wks
23 - 30 wks
≥ 31 wks
Pregnancy
Average Wk of
Gestation
Carbohydrate (g)
Fat (g)
Saturated fat (g)
Protein (g)
Vitamin A2 (RAE)
Vitamin D3 (µg)
Vitamin E4 (mg)
Vitamin C (mg)
Thiamin (mg)
Riboflavin (mg)
Niacin (NE)
Vitamin B6 (mg)
Vitamin B12 (µg)
Folate (DFE)
Iron (mg)
Copper (µg)
Zinc (mg)
Magnesium (mg)
Phosphorus (mg)
Calcium (mg)

n = 95
18.4 ± 2.7

n = 122
27.0 ± 1.8

n = 132
34.5 ± 2.1

n = 156
27.5 ± 6.7

21
2
23
7
52
89
95
41
20
11
17
42
16
39
81
31
52
86
49
71

22
7
30
16
50
90
92
47
20
18
20
40
24
39
75
28
46
84
47
70

27
3
30
16
45
89
87
55
20
15
14
32
12
36
71
27
43
85
40
70

17
2
22
7
39
92
95
41
12
8
8
32
9
29
76
20
38
88
41
73

1

Data are expressed as the percentage of pregnant adolescents studied that did not meet the Acceptable
Macronutrient Distribution Ranges / Estimated Average Requirements for pregnancy in those ages 14-18
y. Dietary intakes were not measured from 61, 34, and 24 adolescents in < 23 weeks, 23 – 30 weeks, and
≥ 31 weeks gestational window, respectively.
2
1 RAE = 1 µg retinol, 12 µg β-carotene, 24 µg α-carotene, or 24 µg β-cryptoxanthin in foods
3
As cholecalciferol. 1 μg cholecalciferol = 40 IU vitamin D
4
As α-tocopherol
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More than half of the adolescents surveyed in each GW stated that they took their
prenatal supplement on a daily basis (Table 2.4).

Table 2.4 Self-Reported Frequency of Supplement Use
Week Gestation
Week Gestation
< 23 wks
23 - 30 wks
n = 91
n = 121
27.0 ± 1.8
Average Wk of Gestation 18.4 ± 2.7
58
59.5
Daily (%)
20
19
2-5 times/week (%)
8.8
5.8
Once a week (%)
2.2
3.3
Occasionally (%)
2.2
1.7
Rarely (%)
8.8
10.7
Never (%)

Week Gestation
≥ 31 wks
n = 132
34.5 ± 2.1
57.6
17.4
3.8
2.3
3.8
15.1

To assess the relative contribution from the supplement, the nutrient content of the
prenatal supplement was added to the average dietary intake of nutrients with the highest
prevalence of inadequacy (Table 2.5). The amount of Fe, vitamin E and vitamin D in prenatal or
pediatric supplements exceeded the EAR, thus intake of these nutrients would meet the EAR if
supplements were consumed. For Ca, if adolescents took their prenatal supplements on a daily
basis, an approximate 19% drop (73% to 54%) was observed in the prevalence of inadequacy
after accounting for either type of supplement. For Mg, an approximate 5% drop (88% to 83%)
in the prevalence of inadequacy would occur, but only if pediatric chewable supplements were
used because the standard prenatal supplement prescribed did not contain Mg.
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Table 2.5 Total Intake and Percentage of Pregnant Adolescents Not Meeting the Estimated
Average Requirements from Combined Intake of Both Diet and Daily Supplement Prescribed
EAR1
Prenatal Supplement2
Pediatric Supplement3
Combined
Percent Not
Intake from
Percent Not
Intake from
Achieving
Diet and
Achieving
1
Diet and
EAR
Supplement
EAR1
Supplement
10
15.1 ± 3.0
0
25.1 ± 3.0
0
Vitamin D (µg)
12
28.7 ± 3.2
0
46.7 ± 3.2
0
Vitamin E (mg)
23
45.6 ± 9.7
0
54.6 ± 9.7
0
Iron (mg)
1100 1087.7 ± 373.3
54
1087.7 ± 373.3
54
Calcium (mg)
335
232.7
±
82.5
88
272.7
±
82.5
83
Magnesium (mg)
1

Estimated Average Requirements for pregnancy in those ages 14-18 y
Prenatal supplements contained 10 μg vitamin D3; 22 mg vitamin E; 27 mg iron; 200 mg calcium, and 0
mg Mg
3
Pediatric supplements contained 20 μg vitamin D3; 40 mg vitamin E; 36 mg iron; 200 mg calcium, and
40 mg Mg
2
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DISCUSSION
In the present study, suboptimal dietary intakes of a number of micronutrients were
observed in spite of sufficient or excessive energy intakes and excessive GWG. These findings
are indicative of a diet comprised of high calorie/low nutrient-dense foods (high sugar snacks,
fast-food, and convenience foods). This is not uncommon in adolescents who may find healthy
eating challenging due to lack of financial resources and who may have less self-efficacy with
respect to purchasing and preparing healthy meals [12]. A previous study in teen mothers found
those that consumed high-sugar diets (daily total sugar intake ≥ 206 g corresponding to ≥ 90th
percentile) were 3.4 times more likely to deliver a SGA infant [13]. The fact that the 90th
percentile of total sugar intake among our teen cohort (222 g) exceeded this value is of concern,
and reaffirms the need for early dietary assessment and interventions to minimize high sugar
intakes in this age group.
Our data provide insight into several nutrients of concern and the degree to which daily
prenatal supplements helped reduce nutritional deficits. Suboptimal intakes for Mg, Fe, Ca,
vitamin E and vitamin D were found in > 70% of these teens, with of the highest rate of dietary
inadequacy for Ca and Mg, even after accounting for the amount contained in a daily prenatal
supplement, if consumed. During pregnancy approximately 25-30 g of Ca are transferred into the
fetal skeleton, most of which is accrued during the last trimester of pregnancy [14]. We recently
reported that maternal Ca intakes > 1,050 mg/d were positively associated with fetal femur and
humerus Z-scores and birth length in these teens [15]. Mean Ca intake was far below this value
and 74% of teens did not achieve the EAR from diet, which may be related to limited
consumption of dairy products especially if displaced by sweetened beverages. Many prenatal
supplements do not contain enough calcium to overcome dietary deficits, thus encouraging
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intake of dairy products and Ca fortified foods may assist in meeting the Ca demands. Dietary
Mg inadequacy has been found to be associated with an increased risk of miscarriage, fetal
growth retardation, maternal hospitalizations and preterm delivery [16]. Most prenatal
supplements contain only 10-25% of the RDA for Mg, and some do not contain any Mg thus
emphasis should be put on consuming additional dietary sources of Mg.
Meeting nutrient requirements from a healthy diet is optimal but may be challenging
when dietary quality is poor or when requirements increase due to pregnancy. Prenatal
supplements are particularly useful in bridging gaps, and can reduce risk of adverse birth
outcomes. A large cohort study in low-income, pregnant-urban women and adolescents
(n=1,430) showed a two-to-fourfold diminished risk of very preterm delivery (< 33 weeks’
gestation); a twofold reduced risk of LBW; and a six-to-sevenfold reduction in rate of very LBW
(< 1,500 g) among supplement users [17]. Although prenatal supplements are routinely
prescribed to adolescents, compliance with prenatal supplementation in adolescents is often poor
based on reports from clinicians working with this group. Stang and colleagues pointed out that
adolescents who may benefit most from supplement usage may be less compliant when
compared to adolescents consuming more optimal diets [18]. Further studies identifying potential
barriers to prenatal supplement usage as well as additional data on the knowledge, attitudes and
beliefs that impact supplement use in pregnant adolescents are needed to inform effective
behavior-change strategies.
Mean dietary intake did not change significantly across pregnancy, which is consistent
with previous data in pregnant adolescents and women that found no significant difference in the
mean nutrient intakes between the second and third trimesters [19]. This implies that early
dietary assessment in this population may allow for appropriate targeting and interventions to
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modify intakes of nutrients of concern. Adolescents often lack nutrition knowledge and
understanding of how nutritional demands are impacted by pregnancy and they may lack
resources on how to find this information. Even among those that are aware of good nutritional
choices, behaviors may be influenced by other factors such as hunger, food cravings, taste,
convenience, food availability, and parental and cultural influences. Nevertheless, pregnancy can
be an optimal time for teens to build nutrition knowledge and implement behavioral changes in
support of the healthy development of their baby, which may in turn act as a positive
reinforcement for their dietary changes [20].
Assessing pregnant teens at nutritional risk and building individualized strategies to meet
dietary needs has previously been a successful strategy to reduce adverse outcomes of adolescent
pregnancy. In a group of 1,203 pregnant adolescents, individualized nutrition interventions based
on risk profiles were shown to be effective in improving infant birth weight and lowering the rate
of LBW [21]. Many prenatal programs and clinics are staffed with social workers and
nutritionists who are able to perform early screening of risk factors that may impact dietary
intakes and birth outcomes. Identifying these risk factors early in pregnancy and designing
individualized strategies to overcome the major obstacles identified should be emphasized.
Limitations of this study include the limited generalizability of these findings as
participants were a regional convenience sample. However nutrients that were found to fall
below the DRI in this study were noted in previous studies among both pregnant (13-20 y) [22],
non-pregnant adolescents (age 12-19 y) [23], and women [24]. Under- and over-reporting are
sources of bias in diet recalls as individuals are more likely to under-report foods that may be
perceived as “unhealthy” while foods that are perceived as “healthy” may be over-reported.
Nevertheless, the limited time of the prenatal appointment and the burden of filling out multiple
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questionnaires made the diet recall a suitable assessment tool for this study. All dietary recalls
were conducted by the same individual and analyzed by the same dietitian in order to minimize
potential bias.
In conclusion, a large proportion of pregnant adolescents failed to achieve the
recommendations for several key nutrients from diet alone. Early dietary assessment may allow
identification and targeting of nutritional deficits and excesses of concern. Nutritional counseling
should include education and interventions to improve diet along with strategies to enhance
supplement compliance. In light of the growing evidence linking suboptimal intakes of many
nutrients with undesirable birth outcomes, greater attention to the unique dietary needs and
intake patterns of this vulnerable age group is warranted.
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ABSTRACT
Pregnant adolescents (≤ 18 y, n=253) were followed from ≥ 12 weeks gestation to delivery
to assess longitudinal changes in anemia and iron (Fe) status and to explore associations between
Fe status indicators, hepcidin and inflammatory markers. Hemoglobin (Hb), soluble transferrin
receptor (sTfR), ferritin, serum Fe, erythropoietin (EPO), hepcidin, C-reactive protein (CRP),
interleukin-6 (IL-6), folate and vitamin B12 were measured, and total body iron (TBI, mg/kg)
was calculated using sTfR and ferritin values. Anemia prevalence increased from the 1st and 2nd
trimester (3-5%) (< 28 weeks) to the 3rd trimester 25% (33.2 ± 3.7 weeks) (P < 0.0001). The
prevalence of ID (sTfR > 8.5 mg/L) doubled from pregnancy to delivery (7% to 14%, P = 0.04).
Ferritin and hepcidin concentrations at delivery may have been elevated as a consequence of
inflammation as IL-6 concentrations at delivery were 1.6-fold higher than those obtained at 26.1
± 3.3 weeks of gestation (P < 0.0001) and a positive association was found between IL-6 and
both hepcidin and ferritin at delivery (P < 0.01). EPO was consistently correlated with Hb (r = 0.36 and -0.43, P < 0.001), ferritin (r = -0.37 and -0.32, P < 0.0001), sTfR (r = 0.35 and 0.25, P
< 0.001), TBI (r = -0.44 and -0.37, P < 0.0001) and serum Fe (r = -0.22 and -0.16, P < 0.05) at
mid-gestation and at delivery, respectively. EPO alone explained the largest proportion of
variance in Hb at 26.0 ± 3.3 weeks gestation (R2 = 0.13, P = 0.0001, n=113) and at delivery (R2
= 0.19, P < 0.0001, n=192). Pregnant adolescents are at high risk of anemia. Erythropoietin is a
sensitive indicator of Fe status across gestation, is not impacted by systemic inflammation, and
may better predict risk of anemia at term.
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INTRODUCTION
Anemia during pregnancy affects 56.4 million pregnant women worldwide and
approximately 50% of this anemia is attributed to iron deficiency (ID) [1]. In the United States,
18% and 5.4% of pregnant women have ID and anemia, respectively [2], and this reflects a twotimes higher prevalence than observed among non-pregnant women of childbearing age [3].
Anemia and ID during pregnancy have been associated with an increased risk of intrauterine
growth restriction, premature delivery, low birth weight, postpartum depression and maternal
morbidity and mortality [4-6]. In light of these findings, preventing ID among females of
childbearing age has been specified as an important public health goal in the Healthy People
2020 objectives [7].
Low-income minority groups are at increased risk of both early childbearing and anemia.
In 2012, the US teenage birth rate was 29.4 per 1,000 women (15-19 y) with the highest
prevalence being evident among Hispanics (46.3/1,000) and non-Hispanic Blacks (44.0/1,000)
[8]. Substantial racial disparity in the prevalence of gestational anemia is also an issue of concern
given that anemia is two times higher among non-Hispanic blacks (35.4/1,000) when compared
to non-Hispanic whites (18.0/1,000) [9].
Determining the etiology of anemia is challenging as ID is not the only cause. Other
micronutrient deficiencies (folate, vitamin B12), inherited conditions that affect red blood cell
function (hemoglobinopathies), and infection can also cause anemia in the absence of ID.
Assessment of anemia is further complicated by the hemodilution that occurs during pregnancy
as changes in plasma volume expansion can be variable between individuals and are not linear
over gestation [10]. In addition, inconstant patterns of inflammation occur across the course of
gestation [11], thus during pregnancy markers of inflammation are needed to fully interpret Fe
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status indicators that also function as acute phase proteins (ferritin) or that are up-regulated in
response to inflammation (hepcidin).
Regulation of Fe homeostasis is now known to be controlled by hepcidin [12]. Since the
discovery of hepcidin in 2000 [13], many clinical functions for this hormone have been
identified [14-16]. However few data are available on the utility of this marker as an index of Fe
status across gestation [17-20]. The current study was undertaken to assess longitudinal changes
in Fe status in a large cohort of pregnant adolescents and to explore relationships between Fe
status indicators and both hepcidin and inflammatory indicators across pregnancy and at
delivery.

METHODS
Study Participants
A total of 255 pregnant adolescents were recruited between 2006 and 2012 from the
Rochester Adolescent Maternity Program (RAMP) at The University of Rochester Medical
Center in Rochester, NY. This study was initiated as a continuation of another on-going study
designed to characterize changes in maternal and fetal bone health across pregnancy (21). These
two studies were designed in a similar way with a primary difference being that mid-pregnancy
blood samples were only collected from the participants in the bone health study, while blood
samples were obtained at delivery from all adolescents. Inclusion criteria were: ≤ 18 years and
gestational age ≥ 12 weeks at study entry, carrying a single fetus, and no pre-existing medical
complications (HIV infection, diabetes, eating disorders or malabsorption diseases). Informed
written consent was obtained from all adolescents and both assent and parental consent were
obtained in those ≤ 14 y. The study was approved by the Institutional Review Boards of the
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University of Rochester and Cornell University. Data from this cohort have been previously
reported [21-26].
Demographic data were self-reported at study entry. Gestational age was determined based
on self-reported menstrual history and the earliest available ultrasound data. If the gestational age
(GA) calculated from the self-reported menstrual history was within 10 days of that derived from
the ultrasound, GA was based on self-reported menstrual history. If these two measures differed
by > 10 days, data obtained from the earliest ultrasound estimate were used to determine
gestational age. Gestational weight gain (GWG) was determined by subtracting the prepregnancy weight from the final weight recorded at delivery, and the adequacy of GWG was
compared to the 2009 Institute of Medicine (IOM) guidelines and categorized as less than, equal
to, or larger than recommended weight gains based on pre-pregnancy BMI (ppBMI, kg/m2) [27].
Pre-pregnancy BMI was calculated based on self-reported weight and height, then categorized
based on the World Health Organization (WHO) criteria [27]. Other maternal data across
gestation and at delivery, including the diagnosis of preeclampsia and pregnancy-induced
hypertension and mode of delivery were abstracted from medical records. Race and ethnicity
were self-reported. Two adolescents self-identified their race as American Indian and these
adolescents were excluded from all analyses given the race-specific criteria utilized to define
anemia, bringing the final sample size to 253 adolescents.

Dietary Assessment and Supplement Use
Dietary iron intake was assessed by 24-hour dietary recall and the recall data were entered
into the Nutrient Data System for Research (versions 2006, 2008, and 2009, Nutrition
Coordinating Center, University of Minnesota, Minneapolis, MN) and analyzed by a registered
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dietitian at the Clinical and Translational Science Center at the University of Rochester, Strong
Memorial Hospital. All adolescents attending the RAMP clinic were prescribed a regular
prenatal supplement containing 27 mg of elemental Fe (ferrous fumarate) as part of routine
prenatal care. If teens reported intolerance to, or side effects associated with this supplement, two
tablets of a pediatric chewable supplement were prescribed to account for their 25-50% lower
nutritional content and to increase compliance with supplement use. As part of standard prenatal
care at RAMP, anemic adolescents (Hb < 11.0 g/dL or Hct < 34%) were prescribed additional
ferrous sulfate Fe supplements (providing 65 mg of elemental Fe) to take daily over the
remainder of gestation. Frequency of prenatal supplement use was self-reported via questionnaire
and categorized as: everyday, 2-5 times per week, once a week, occasionally, very rarely, or
never. Because the supplement data could not validated, contributions from supplemental
vitamins were not included in the daily nutrient analyses.

Maternal Serum Collection and Biochemical Analyses
Maternal non-fasting blood (15 mL) was obtained during a prenatal visit at 26.0 ± 3.3
weeks of gestation in 60% of adolescents (n=153). Among the 153 adolescents with serum
samples collected during pregnancy, 70% of the pregnancy samples were collected during the
2nd trimester (n = 107) and 30% (n = 46) of the samples were drawn during the 3rd trimester.
Compared with the teens whose 2nd trimester blood was obtained, teens with 3rd trimester blood
collections entered the study at a later stage of gestation (25.2 ± 5.4 vs. 20.0 ± 4.7 weeks, P <
0.0001). A blood sample was collected from 84% of adolescents (n=212) at delivery (39.8 ± 1.3
weeks). Delivery serum was not collected in a total of 16% (n=41) of the 253 adolescents
because they were transferred to other hospitals for delivery (n = 8), the study personnel were not
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notified (n = 6) or not available (n = 2) when teens were admitted to the hospital for delivery, or
the teen refused the blood draw (n = 3), and other miscellaneous reasons that are associated with
adverse birth outcomes (n=22).
Hemoglobin (Hb) and hematocrit (Hct) data were abstracted from the medical records of
all adolescents. These indicators are typically measured and obtained as part of standard medical
care when teens enter prenatal care and when blood is drawn for prenatal testing for αfetoprotein at 18 weeks of gestation and oral glucose tolerance testing at 26 – 29 weeks of
gestation. Maternal Hb concentration was categorized according to the trimester of which the
value was obtained as first trimester (< 14 weeks), second trimester (14 – 27.9 weeks) or third
trimester (28 weeks – delivery). Hemoglobinopathies (HbAS, HbAC, HbSS, HbSC) were
screened for as part of standard medical care and abstracted from the medical records.
Assessment of Hb was also undertaken in the blood samples obtained for assessment of Fe
status indicators at mid-gestation and delivery. Using the Hb data generated, the severity of
anemia was determined using WHO categories as; severe anemia (Hb < 7.0 g/dL); moderate
anemia (Hb 7.0-9.9 g/dL); or mild anemia (Hb 10.0 – 10.9 g/dL) [28]. To account for the stage
of gestation, CDC trimester-specific definitions of anemia were utilized [Hb < 11.0 g/dL in the
1st (< 14.0 weeks gestation) and 3rd trimester (≥ 28 weeks gestation), and < 10.5 g/dL in the 2nd
trimester (14.0 – 27.9 weeks gestation)] [29]. African-Americans have been shown to have an
approximately 0.8 g/dL lower Hb concentration when compared to Caucasians [30]. The IOM
recommends that the Hb cut-off for anemia among African-Americans be set 0.8 g/dL lower
[31], thus we adjusted the cut-off for defining anemia accordingly in African-American
adolescents in our analyses (10.2 g/dL in 1st and 3rd trimester and 9.7 g/dL in the 2nd trimester).
Serum ferritin (SF) and soluble transferrin receptor (sTfR) were measured using an
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enzyme-linked immunosorbent assay (ELISA) (Ramco Laboratories, Inc.). Using previously
adopted cut-offs in the literature, values of SF < 12.0 μg/L were defined as depleted Fe stores [2]
and values of sTfR > 8.5 mg/L were used to define tissue ID [32]. To facilitate comparison of
our sTfR data to that reported by the NHANES survey in pregnant women, our values were
adjusted using the equation (Roche = 0.631× Ramco + 0.299]) [33] and the cut-off of > 4.4 mg/L
was defined as the threshold for ID for the adjusted sTfR concentration. Total body Fe (TBI) was
calculated using the equation TBI (mg/kg) = - [log10 (sTfR × 1000÷ferritin) - 2.8229) / 0.1207])
[2]. Total body Fe (TBI) < 0 mg/kg was used as an index of depleted TBI which has been
previously reported and validated in pregnant women [2]. Adolescents were classified as ID if
any one of the Fe status indicators above were below (SF, TBI) or exceeded (sTfR) the cut-off
value. Iron deficiency anemia (IDA) was defined as presence of anemia and SF < 12.0 µg/L.
Hepcidin was measured by a competitive serum ELISA (Intrinsic Life Sciences LLC).
Detailed methods for the performance of this assay were published elsewhere [34]. Values lower
than 5.0 ng/mL were assigned a value of 2.5 ng/mL for analysis purposes. 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 included to insure accuracy; values for this standard were
within 5.0% of the certified expected value. Serum C-reactive protein (CRP), erythropoietin
(EPO), folate and vitamin B12 were analyzed by using Siemens Immulite® 2000 immunoassay
system. Serum folate < 6.8 nmol/L and vitamin B12 concentration < 148 pmol/L were utilized to
define low concentrations to be consistent with cutoffs utilized in national surveys [35]. To
obtain information on systemic inflammation, interleukin-6 (IL-6) was measured by Millipore
Magnetic Multiplex® MAP kit and the limit of detection was 0.13 pg/mL. All serum samples
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were stored at -80°C until analyses and were assayed in duplicate. Undetectable measures were
excluded in the calculation of mean values and percentages of those with undetectable values are
presented.

Statistical Analysis
Descriptive statistics were carried out to characterize the demographic and biochemical
indicator data and to identify adolescents with anemia and ID. Student t-test and ANOVA were
conducted to test if normally distributed Fe indicators differed by maternal characteristics (age,
race, ethnicity, parity, ppBMI, and adequacy of GWG) and the Wilcoxon rank sum test was used
to test the nonparametric variables. Chi-Square test of independence was utilized for testing
categorical variables. Normality of distributions was assessed using the Shapiro-Wilks test and
skewed variables were log transformed to achieve normality of the residuals. Bivariate
associations between Fe status indicators were assessed by Pearson correlations. Multivariate
regression models were built to assess the predictive performance of each Fe status indicator in
predicting the Hb concentration during pregnancy and at delivery. Other maternal factors that
have been shown to affect Hb concentration (age, gestational age, parity, dietary Fe intake,
supplement use) were also included in the models as covariates. Fisher’s Z transformation test
was utilized to test for statistical differences in the proportion of the variance between groups.
Data were analyzed cross-sectionally in the group as whole and also longitudinally in the subset
of adolescents that provided repeated measures of Hb and Fe status indicators across gestation.
All statistical analyses were carried out using JMP 10.0 (SAS Institute Inc, Cary, NC). Results
were considered statistically significant at P < 0.05.
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RESULTS
Characteristics of Pregnant Adolescents
The maternal characteristics are presented in Table 3.1. Variable sample sizes for the
demographic and anthropometric data were due to missing data on the self-reported
questionnaires. The majority of adolescents (71%) entered prenatal care in the first trimester (8.7
± 2.7 weeks gestation), and 29% of adolescents entered prenatal care either in their 2nd trimester
(18.2 ± 3.5 weeks, 27.6%) or in their 3rd trimester of pregnancy (31.0 ± 3.6 gestational weeks,
1.4%). Twenty-percent of teens received Medicaid (n=50) and 19% (n=38) were enrolled in
public assistance programs.
Only 20% (n=45) of adolescents met the Estimated Average Requirement (EAR) for Fe
for pregnant adolescents (23 mg/d) [36]. More than two-thirds of adolescents in this cohort selfreported that they took their prenatal supplements daily (46%) or 2-5 times per week (24%)
across pregnancy. Additional Fe supplements were prescribed for 60% of adolescents in this
cohort (n=150) on average at 30.6 ± 7.0 weeks gestation. According to self-reported data, 32% of
adolescents (n=80) stated that they took these supplements either daily (n=58) or 2-5 times per
week (n=22) with 13% (n=32) reporting that they consumed these less than 2-5 times per week.
Infection was prevalent in this group as 32% (n=77) of the teens self-reported a prior
history of one (n=57) or > 1 (n=20) sexually transmitted infection (STI) at entry into this study
including: chlamydia, bacterial vaginosis, genital herpes, gonorrhea, genital warts or
trichomonas. Preeclampsia occurred in 4% (n=10) of these pregnancies and pregnancy-induced
hypertension was evident in 2% (n=4) of the cohort. In this group of teens, 12% (n=28) of
adolescents delivered by Cesarean section (C-section). Rates of preterm birth (< 37 weeks of
gestation) and low birth weight (LBW < 2,500 g) were 8% (n=20) and 6% (n=15), which were
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both lower than state and national statistics (8). These outcomes reflect the multidisciplinary care
provided by the Certified Nurse-Midwives and Nurse Practitioners at RAMP.
Nine African-American adolescents (4%) were found to be carriers of sickle cell traits
(SCT). This prevalence is lower than the 1 in 12 prevalence (8.3%) expected among US Blacks
or African-Americans [37]. Among these nine adolescents, five adolescents were heterozygous
HbS carriers (HbAS), one was a heterozygous HbC gene carrier (HbAC), and three adolescents
were unidentified gene carriers. Hemoglobin concentrations were not significantly different in
those that were SCT carriers compared to the larger group of African-American adolescents who
were not SCT carriers or when compared to the group as a whole.
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Table 3.1 Baseline Characteristics of the Pregnant Adolescents (n=253)1
Characteristics

Entire
Cohort
(n=253)
n
253
221

Pregnancy and
Delivery Cohort2
(n=156)
n
156
135

Delivery
Cohort Only3
(n=97)
n
97
86

17.2 ± 1.1
17.1 ± 1.1
17.2 ± 1.1
Maternal age (y)
a
11.6 ± 5.6
10.5 ± 4.7
13.3 ± 6.5b
Gestational age at
entry to prenatal care (wks)
237
5.3 ± 1.8
154
5.2 ± 1.8
83
5.3 ± 1.7
Gynecological age (y)
253
156
97
Race
African–American, %
71
64
82
Caucasian, %
29
36
18
253
156
97
Ethnicity
Hispanic, %
24
24
24
Non-Hispanic, %
76
76
76
249
156
93
Parity
0, %
83
91
69
≥ 1, %
17
9
31
228 16.5 ± 7.3 153
18.1 ± 6.9a
75
13.1 ± 7.1b
Dietary iron intake (mg/d)
246 24.9 ± 5.6 154
24.8 ± 5.4
92
25.2 ± 6.0
Pre-pregnancy BMI (kg/m2)
Underweight (< 18.5), %
7
7
6
Normal (18.5 – 24.9), %
54
55
53
Overweight (25.0-29.9), %
21
21
21
Obese (≥ 30), %
18
17
20
238 16.8 ± 7.5 148
16.9 ± 8.0
90
16.7 ± 6.6
Gestational Wt Gain (kg)
< Recommended, %
15
15
14
Recommended, %
22
26
16
> Recommended, %
63
59
70
244
156
88
Use of cigarettes
Currently, %
7
11
0
Previously, %
15
13
18
Never, %
78
76
82
1
Data presented as mean ± SD or % and sample size (n) where indicated. Group means without
a
common superscript differ between adolescents in the Pregnancy and Delivery cohort vs. the Delivery
cohort only, P < 0.05.
2
Adolescents who provided serum samples during pregnancy and at delivery.
3
Adolescents who provided serum samples only at delivery.
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Mean Hb concentrations and prevalence of anemia during each trimester are presented in
Table 3.2. Iron status and inflammatory indicators during pregnancy and delivery are presented
in Table 3.3.

Table 3.2 The Prevalence of Anemia across Gestation in Pregnant Adolescents1
Trimester 1
Trimester 2
Trimester 3
Delivery
(9.0 ± 2.4 wks) (21.5 ± 4.0 wks) (33.2 ± 3.7 wks) (39.5 ± 2.0 wks)
n
Hb (g/dL)
Anemia, %
Severe,2 %
Moderate,2 %
Mild,2 %
Hb in Caucasians
(g/dL)
Anemia,3 %
Hb in AfricanAmericans (g/dL)
Anemia (Adj.),3 %
IDA,4 %

137
12.3 ± 0.9a
(9.8 – 14.6)
6.5a
0
0.7a
5.8a
12.6 ± 1.0a
(10.5 – 14.6)
n=46
6.5
12.2 ± 0.9a
(9.8 – 14.5)
n=91
1.1a
-

123
11.3 ± 0.9b
(8.8 - 14.1)
32.5b
0
6.5b
26b
11.4 ± 1.0b
(8.8 – 13.5)
n=33
12.1
11.3 ± 0.9b
(9.5 – 14.1)
n=90
2.2a
1.3

85
11.1 ± 1.4b
(6.6 – 15.1)
42.3b
1.2
14.1b
27b
11.7 ± 1.2b
(8.9 – 13.7)
n=27
18.5
10.9 ± 1.4b
(6.6 – 15.1)
n=58
27.6b
5.4

228
11.5 ± 1.4b
(6.5 – 17.2)
35b
0.4
11.4b
23.2b
11.9 ± 1.2b
(9.3 – 14.2)
n=66
22.7
11.3 ± 1.4b
(6.5 – 17.2)
n=162
18b
6.1

1

Data presented as mean ± SD (range) or %. Group means within a row that do not share a common
superscript significantly differ from one another, P < 0.05.
2
Severe anemia: Hb < 7.0 g/dL; moderate anemia: Hb 7.0 - 9.9 g/dL; mild anemia: 10.0 - 10.9 g/dL.
3
Anemia (Unadj.) defined as Hb < 11.0 g/dL in the 1st and 3rd trimesters; Hb < 10.5 g/dL in the 2nd
trimester; Adjusted (-0.8 g/dL) for African-American adolescents.
4
Iron Deficiency Anemia defined as presence of anemia (Adj.) and ferritin < 12.0 µg/L.
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Table 3.3 Iron Deficiency was Prevalent across Pregnancy and Inflammation was Evident at Delivery in Pregnant Adolescents1
n
Trimester 2
n
Trimester 3
n
Delivery
(24.4 ± 2.2 wks)
(29.7 ± 1.8 wks)
(39.8 ± 1.3 wks)
99
4.2 [3.8, 4.6]
46
4.8 [4.1, 5.5]
208
4.9 [4.5, 5.3]
Serum sTfR, mg/L
> 8.5 mg/L, %
5.1
10.9
13.9
96
27.1 [24.5, 29.7]
46
30.6 [26.3, 35.9]
201
26.6 [24.3, 29.1]
Serum EPO, mIU/mL
81
1.0 [0.9, 1.1]
44
0.9 [0.7, 1.0]
176
1.0 [0.9, 1.1]
Serum iron, mg/L
a
a
2
93
24.0 [20.9, 27.7]
43
21.3 [16.9, 26.8]
186
30.0b [26.6, 34.1]
Serum Hepcidin, ng/mL
< 5.0 ng/mL, %
5.1
4.4
9.7
a
b
a
99
19.9 [16.9, 23.3]
46
12.8 [10.0, 16.6]
206
21.3 [19.1, 23.8]
Serum Ferritin, µg/L
< 12.0 µg/L, %
22.2
34.8
21.4
a
b
99
4.1 ± 3.8 (-7.5 – 12.4)
46
2.1 ± 4.0
206
3.9 ± 4.0a
TBI, mg/kg
(-10.3 – 8.8)
(-9.1 – 19.9)
< 0 mg/kg, %
12.1
21.7
14.6
a
a
b
2
83
1.6 [1.2, 2.2]
38
1.8 [1.2, 2.6]
196
4.4 [3.7, 5.3]
Serum IL-6, pg/mL
≤ 0.13 pg/mL, %
15.3a
15.6a
2.5b
73
3.8a [3.0, 4.8]
38
4.1ab [2.9, 6.0]
24
6.6b [4.1, 10.0]
Serum CRP, mg/L2
≤ 0.2 mg/L, %
1.4
0
4
82
40.4 [37.3, 44.3]
42
38.1 [33.1, 43.8]
129
39.6 [37.0, 42.5]
Serum Folate, nmol/L
< 6.8 nmol/L, %
0
0
0
a
b
c
83
330 [302, 358]
42
290 [260, 324]
130
226 [211, 245]
Serum Vit B12, pmol/L
< 148 pmol/L, %

1.2a

2.4a

15.4b

CRP: C-Reactive Protein / EPO - Erythropoietin / IL-6: Interleukin-6 / sTfR: soluble transferrin receptor / TBI: Total Body Iron
/ Vit B12: Vitamin B12.
1
Data are presented as the mean ± SD (range) or geometric mean [95% CI]. Group means within a row that do not share a common superscript
significantly differ from one another, P < 0.05.
2
Undetectable measures were excluded in the calculation of mean values.
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Correlations between Hemoglobin and Iron Status Indicators
Correlations between individual Fe status and inflammation indicators were examined in
the serum samples obtained during pregnancy (Table 3.4) and in those obtained at delivery
(Table 3.5). Of the 212 adolescents who provided blood samples at delivery, 3% (n=6) of these
teen mothers had preterm deliveries (36.0 ± 0.7 weeks). Correlations between Hb and Fe status
indicators at delivery did not differ significantly when analyses were undertaken with or without
those that had preterm deliveries, thus all delivery correlations were presented in the cohort as a
whole.
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Table 3.4. Erythropoietin was Significantly Correlated with Iron Status Indicators but not with Inflammatory
Markers during Pregnancy in Pregnant Adolescents 1
Log SF Log sTfR
TBI
Log
Log EPO
Log
Log IL-6
Serum Fe
Hb

Hepcidin

r= 0.22* r= -0.05

r= 0.19*

r= 0.14

r= -0.36***

r= 0.06

r= -0.02

n= 114

n= 114

n= 114

n= 101

n= 113

n= 114

n= 114

r= -0.30**

r= 0.90***

r= 0.28**

r= -0.37***

r= 0.33***

r= -0.05

n= 145

n= 145

n= 125

n= 141

n= 143

n= 143

r= -0.68***

r= -0.09

r= 0.35***

r= -0.07

r= 0.23**

n= 145

n= 125

n= 141

n= 143

n= 143

r= 0.25**

r= -0.44***

r= 0.29**

r= -0.14

n= 125

n= 141

n= 143

n= 143

r= -0.22*

r= 0.12

r= -0.04

n= 121

n= 123

n= 124

r= -0.12

r= 0.06

n= 140

n= 139

Log SF

Log sTfR

TBI

Log Serum Fe

Log EPO

Log Hepcidin

r= 0.14
n= 141

1

Blood samples were taken on average at 26.0 ± 3.3 weeks of gestation.
*P < 0.05, **P < 0.01, ***P < 0.0001.
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Table 3.5. Erythropoietin was Significantly Correlated with Iron Status Indicators and was not Impacted by
Inflammation at Delivery in Pregnant Adolescents1
Log SF
Log sTfR
TBI
Log
Log EPO
Log
Log IL-6
Serum Fe
Hb

Hepcidin

r= 0.28***

r= -0.23**

r= 0.32***

r= 0.37***

r= -0.43***

r= 0.20**

r= 0.01

n= 196

n= 198

n= 196

n= 170

n= 192

n= 195

n= 192

r= -0.25**

r= 0.86***

r= 0.14

r= -0.32***

r= 0.36***

r= 0.19**

n= 206

n= 206

n= 173

n= 200

n= 203

n= 199

r= -0.70***

r= -0.13

r= 0.25**

r= -0.23**

r= -0.07

n= 206

n= 175

n= 201

n= 205

n= 201

r= 0.17*

r= -0.37***

r= 0.39***

r= 0.18*

n= 173

n= 200

n= 203

n= 199

r= -0.16*

r= 0.03

r= -0.17*

n= 171

n= 173

n= 170

r= -0.30***

r= 0.006

n= 199

n= 198

Log SF

Log sTfR

TBI

Log Serum Fe

Log EPO

Log Hepcidin

r= 0.28***
n= 200

1

Blood samples were taken on average at 39.8 ± 1.3 weeks of gestation.
*P < 0.05, **P < 0.01, ***P < 0.0001.
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A significant inverse correlation between Hb and sTfR was observed across pregnancy
and at delivery. At delivery, the association between Hb and sTfR was only evident among the
anemic teens (r = -0.44, P < 0.01, n=37), and not among their non-anemic counterparts (r = 0.11, P = 0.15, n=161). The inverse correlation between sTfR and SF was significant during the
2nd (r = -0.29, P = 0.004, n=99) and 3rd trimester groups (r = -0.30, P = 0.04, n=46) and at
delivery (r = -0.25, P = 0.0004, n=206). At delivery (39.8 ± 1.3 weeks), adolescents with sTfR >
8.5 mg/L had significantly lower concentrations of SF compared to those with sTfR ≤ 8.5 mg/L
(12.2 µg/L [95% CI: 9.3, 16.1 µg/L], n = 29 vs. 23.3 µg/L [95% CI: 20.7, 26.3 µg/L], n = 177, P
< 0.0001).
Teens with elevated sTfR concentrations at delivery also had an approximately two-times
higher mean EPO concentration than their counterparts with sTfR ≤ 8.5 mg/L (45.6 mIU/mL
[95% CI: 34.8, 60.3 mIU/mL], n = 28 vs. 24.3 mIU/mL [95% CI: 22.2, 26.6], n=173, P <
0.0001). Anemic adolescents at delivery had a significantly higher mean concentration of EPO
(39.6mIU/mL [95% CI: 30.9, 50.4 mIU/mL], n=36) when compared to non-anemic teens (24.5
mIU/mL [95% CI: 22.2, 27.1 mIU/mL], n=156, P < 0.001). Additionally, stronger correlations
were evident in anemic teens between EPO and Hb (r = -0.61 [n = 36], P < 0.0001) and EPO and
sTfR (r = 0.41 [n = 36], P < 0.05) at delivery in anemic teens when compared to relationships
evident among EPO and Hb (r = -0.29, P < 0.002, n=156) and EPO and sTfR (r = 0.15, P for
trend = 0.06, n=156) in the non-anemic adolescents.
Serum Fe is not typically included as a measure of Fe status across gestation due to its
poor sensitivity. In spite of this limitation, serum Fe during the 3rd trimester (29.7 ± 1.8 weeks)
was significantly correlated to SF (r = 0.34, P = 0.03, n=44) and TBI (r = 0.33, P = 0.03, n=44).
Moreover, lower concentrations of serum Fe were evident in adolescents with TBI < 0 mg/kg (P
96

< 0.05 both during the 3rd trimester and at delivery). At delivery, the correlation between serum
Fe and Hb was approximately 2.1-times higher than that evident during the 3rd trimester, and
anemic teens had significantly lower serum Fe concentrations (0.7 mg/L [95% CI: 0.6, 0.9],
n=34) when compared to non-anemic adolescents (1.1 mg/L [95% CI: 1.0, 1.2], n=136, P <
0.005).

Ferritin, Hepcidin and Inflammatory Status at Delivery
Over the 10.3 ± 2.1 week interval that elapsed between the 3rd trimester to delivery Fe
status assessment, a significant increase in mean SF concentration was evident in the group as a
whole (P = 0.0004, n=206). This increase was not consistent with the higher prevalence of
anemia and ID evident across the same period of time using both the Hb and sTfR data. Because
labor is an inflammatory condition, SF concentrations at delivery may have been elevated
because these blood samples were collected an average of 10.8 ± 18.6 hours before delivery
(n=201). Among the 120 teens with longitudinal ferritin data during pregnancy (20.1 – 37.3
weeks) and at delivery (39.8 ± 1.3 weeks), SF increased by more than 15% (a value over the CV
for the assay) in 50% (n=60) of those studied (14.7 ± 11.5 µg/L). When the proportion of
variance in SF explained by hepcidin and IL-6 was compared in those with or without the 15%
elevation in ferritin from pregnancy to delivery, a significant (P = 0.03) 4.3-times larger
proportion of variance in SF at delivery was explained by hepcidin and IL-6 in teens who
exhibited > 15% increase in SF concentration (R2=0.39, n=57, P < 0.0001), compared with the
adolescents who did not exhibit an increase in SF levels at delivery (R2=0.09, n=58, P for trend =
0.07).
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Longitudinal Changes in Hemoglobin and Iron Status across Gestation
Longitudinal changes in Hb were explored across trimesters in those with multiple Hb
assessments. The percentage of adolescents who became anemic between the 1st trimester to
delivery, the 2nd trimester to delivery, and the 3rd trimester to the delivery measure were 12%
(n=25/212), 10% (n=21/209), and 3% (n=6/200), respectively. Longitudinal changes in Fe status
indicators were also explored in those with paired measures. From the 2nd trimester to delivery
(n=81), mean sTfR concentration increased by 0.8 mg/L (P = 0.01) and 12% (n=10) of
adolescents had a status change from sTfR ≤ 8.5 mg/L to sTfR > 8.5 mg/L. Consistent with the
indication of increased Fe insufficiency, teens with elevated sTfR exhibited significantly lower
mean Hb concentration (10.8 ± 1.1 g/dL [n=10] vs. 11.7 ± 1.1 g/dL [n=61], P = 0.03) and higher
mean EPO concentration (49.4 mIU/mL, [95% CI: 33.8, 73.0 mIU/mL], n=10 vs. 23.8 mIU/mL,
[95% CI: 20.9, 27.1 mIU/mL], n=66, P = 0.002) at delivery compared with adolescents that
maintained sTfR ≤ 8.5 mg/L at both time points. These findings were consistent in those with
paired measures during the 3rd trimester and delivery. Adolescents with elevated sTfR had
significantly higher mean EPO concentration (44.7 mIU/mL, [95% CI: 36.6, 54.6 mIU/mL], n=3
vs. 25.5 mIU/mL, [95% CI: 21.8, 30.0 mIU/mL], n=31, P < 0.0001) at delivery when compared
to teens with sTfR ≤ 8.5 mg/L.

Determinants of Hemoglobin and Iron Status during Pregnancy and at Delivery
Mean dietary Fe intake during pregnancy was significantly associated with Hb at midgestation (26.6 ± 3.3 weeks, P < 0.05, n=115). Adolescents with habitual Fe intakes less than the
EAR (15.2 ± 4.1 mg/d, n=87) had significantly lower Hb concentration at mid-gestation (11.0 ±
0.9 g/dL, [n=87] vs. 11.5 ± 0.9 g/dL, [n=28], P < 0.05) compared to teens with intakes ≥ EAR
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(27.2 ± 3.1 mg/d, n=28). Iron supplement use was significantly associated with several
biomarkers of Fe status at mid-gestation (26.5 ± 3.3 weeks gestation). Teens who self-reported
consuming Fe supplements daily or 2-5 times per week had significantly higher SF (19.1 µg/L
[95% CI: 15.2, 24.0], n=59 vs. 11.5 µg/L [95% CI: 7.4, 17.8], n=21, P = 0.04) and TBI (4.1 ± 4.1
mg/kg [n=59] vs. 1.7 ± 4.1 mg/kg [n=21], P = 0.03) than those who stated consuming these less
than 2-5 times per week. At delivery (39.8 ± 1.3 weeks), the mean TBI concentration remained
significantly higher between those who self-reported prenatal supplement use daily or 2-5 times
per week (4.2 ± 4.0 mg/kg [n=143] vs. less than 2-5 times per week (2.9 ± 4.0 mg/kg [n=59], P <
0.05). Adolescents with parity ≥ 1 (n = 39) had a significantly lower Hb concentration at delivery
(10.9 ± 1.4 g/dL [n = 39] vs. 11.6 ± 1.4 g/dL [n = 189], P = 0.004) compared to the
primagravidae (n = 189). Parity was an independent risk of anemia at delivery, with parity ≥ 1
being associated with a doubled risk of being anemic at delivery (RR 2.0, 95% CI: 1.2, 3.5) when
compared to primagravidae.
Given the panel of Fe status indicators measured in this study and the associations found
between these indicators, several regression models were evaluated to examine their ability to
predict Hb concentration at delivery. In this group as a whole, highly significant correlations
were observed between Hb measures at any point in pregnancy with the Hb measures obtained at
delivery; Hb measures obtained during either the 1st (β = 0.81 [95% CI: 0.59, 1.03], P < 0.0001,
n=129), 2nd (β = 0.91 [95% CI: 0.66, 1.16], P < 0.0001, n=118), or 3rd trimester (β = 0.73 [95%
CI: 0.56, 0.91], P < 0.0001, n=84) were all significant predictors of Hb concentration obtained at
delivery. Among the panel of biochemical indicators measured across pregnancy, EPO alone
captured 13% (R2 = 0.13, P = 0.0001, n=113) and 19% (R2 = 0.19, P < 0.0001, n=192) of the
variance of Hb during pregnancy and delivery, respectively. Erythropoietin evaluated on average
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at week 26.4 ± 3.3 of gestation was found to be a significant determinant of Hb at delivery (β = 0.61 [95% CI: -1.03, -0.19], P = 0.005, n=126), and teens who had an EPO concentration above
the 75th percentile at delivery (37.5 mIU/mL, n=35) exhibited a 2.6 times higher risk of anemia at
delivery (RR 2.6 [95% CI: 1.8, 3.7]). In a multivariate model predicting Hb concentration at
delivery (39.5 ± 2.0 weeks gestation), EPO concentration at delivery (R2 = 0.16, P < 0.001) and
race (R2 = 0.02, P = 0.04) were significant determinants of Hb concentration after controlling for
parity (P for trend = 0.06), gestational age (P = 0.36), mean dietary Fe intake (P = 0.74) and
supplement use (P = 0.71) (R2 = 0.20, n=178).

DISCUSSION
This study examined the prevalence of anemia and ID across gestation in a cohort of
racially and ethnically diverse pregnant adolescents. Assessment of Hb and multiple Fe status
indicators provided a unique opportunity to examine changes in Fe status and their associations
with hepcidin and inflammatory markers at different stages of pregnancy. In these adolescents,
the prevalence of anemia during the 3rd trimester was five times higher than the 5% observed in
the NHANES III data (n=1,010 including 161 adolescents < 19 y of age) [2]. Fully 28% of
adolescents in the entire cohort were identified as ID (Roche adjusted sTfR > 4.4 mg/L) a
prevalence that is 1.6-times higher than the 17.4% prevalence of elevated sTfR in the NHANES
data in pregnant women [2]. Consistent with the Hb and TfR findings, ID (TBI < 0 mg/kg) at
29.7 ± 1.8 weeks gestation was 2.4-times higher than that reported among non-pregnant females
(12-19 y) in NHANES [3]. The prevalence of IDA at delivery was also more than double than
the 2% observed in non-pregnant adolescents (12-19 y) from the NHANES 1999 – 2002 data
(n=1,001) [38]. These findings were evident in a group of pregnant adolescents receiving
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prenatal Fe supplementation and prenatal care targeted specifically to this age group.
Iron requirements begin to increase during the 2nd trimester, primarily caused by plasma
volume expansion and the increase in red blood cell mass [10]. During the 3rd trimester, Fe
requirements rise progressively in proportion to fetal weight as this is the period when the fetus
accumulates the majority of its in utero Fe endowment [39]. Among the panel of longitudinal Fe
status and anemia indicators examined, Hb assessment at any time point during pregnancy was
predictive of Hb concentration at delivery. While most studies do not measure EPO as an index
of hematological or Fe status, our data indicate that EPO was a significant indicator of Fe
insufficiency and low maternal Hb concentration across pregnancy. Moreover, the highest
correlation coefficients were evident between EPO and other key Fe biomarkers (Hb, SF, sTfR
and TBI) during pregnancy and at delivery. Unlike findings noted for ferritin or hepcidin, EPO
was not significantly associated with inflammation at any time point measured. A recent review
detailing contemporary uses of recombinant human EPO during pregnancy indicates that it is a
safe therapy for treatment of complications of maternal anemia during pregnancy [40] and
maternal EPO is not thought to cross the placenta [41]. Many automated assays commonly
utilized in clinical diagnostic labs can quickly analyze serum EPO but this hormone has not
traditionally been included in research studies assessing Fe status and risk of anemia across
pregnancy. Our study illustrated that EPO is a sensitive indicator of Fe insufficiency across
gestation in otherwise healthy adolescents experiencing uncomplicated pregnancies and this
hormone predicted those at greater risk of anemia at delivery even in the face of systemic
inflammation.
Inflammation is a key feature of parturition as labor has been associated with an influx of
immune cells into the myometrium [42, 43]. Pregnant adolescents are a group at increased risk
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for STI’s and other systemic infections that can further increase their inflammation and
infectious burden [44]. This has particular relevance for interpretation of ferritin given that it is
an acute-phase protein [45]. In our cohort as a whole, significantly elevated concentration of SF,
hepcidin, and IL-6 were evident in laboring teens when admitted to the hospital for delivery,
which confounded the interpretation of ferritin and hepcidin at delivery. An increasing
recognition of the need to correct ferritin values for concurrent inflammation is evident in the
literature [46, 47] but little attention has been focused on identification of these correction factors
among otherwise healthy pregnant populations. While ferritin has been a commonly utilized
biomarker for the assessment of maternal Fe status as well as when comparing relationships
between maternal and neonatal Fe status at delivery [48], it may not be an optimal biomarker of
Fe status in those in labor or with concurrent infections and inflammation.
Hepcidin is also impacted by inflammation, as IL-6 mediates the induction of hepcidin
via the JAK/STAT 3 pathway [49]. In our study, a 1.6-fold increase in the serum IL-6
concentration was associated with a concurrent 31% increase in serum hepcidin from midgestation (26.0 ± 3.3 weeks) to delivery (39.3 ± 2.6 weeks). In a previous longitudinal study in
103 healthy pregnant women (mean age: 27.5 ± 3.9 y), a one-fold increase in median IL-6
concentration and a concurrent 14% increase in hepcidin concentration was observed between
weeks 11-14 and weeks 24-28 of gestation [17]. Further data in pregnancy are needed to identify
the threshold of IL-6 concentration needed to induce hepcidin production during pregnancy.
Both animal and human studies have highlighted the central role of hepcidin in systemic
regulation of non-heme Fe metabolism [12]. To date, few hepcidin data are available across
gestation [17-19] or at delivery [20]. When our data were compared to data from adult women
across gestation (24-34 weeks of gestation) [17], we found an approximately three-times higher
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concentration of hepcidin which may be a consequence of the different assay utilized in this
study. When compared to hepcidin data obtained in pregnant women (mean age 28 y, n=191) at
delivery using the same assay utilized in our study, pregnant adolescents exhibited a 2.4-times
higher mean concentration [20]. While mode of delivery has been found to impact hepcidin in
adult women with the highest concentrations being evident in those having vaginal deliveries
[20], the inability to identify an impact of mode of delivery on hepcidin in our study may have
been influenced by the much lower percentage of adolescents that delivered by C-section (12%)
compared to the 23% reported in the adult cohort [20]. In our study, hepcidin provided no
additional predictive value in identifying those at risk of anemia when compared to more widely
accessible Fe status indicators such as EPO, sTfR, or ferritin.
Dietary Fe intake was significantly related to Hb concentration during pregnancy. This
may have practical utility in targeting interventions to those at greater risk for those working
with pregnant adolescents as many adolescent maternity programs are staffed with dietitians to
provide nutrition education. Multiparity is not unusual in this cohort given that early childbearing
is a risk factor for subsequent pregnancies over adolescence [50]. Increased anemia surveillance
in multiparous teens is warranted based on our findings.
Pregnant adolescents had an elevated risk of ID and anemia over the course of gestation
even when consuming diets comparable to those frequently consumed by adolescent females and
when receiving prenatal supplements containing Fe. Maternal ID is known to increase the risk of
LBW and preterm birth [4], two adverse birth outcomes that are known to occur at increased
prevalence among pregnant teens [51]. Given these associations, care should be taken to both
identify maternal anemia and initiate interventions early in gestation. This may be particularly
relevant as increasing data suggest that there may also be gestational windows at which time
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maternal ID is most detrimental to fetal development [52]. Additional research is needed to
explore possible consequences of maternal anemia and ID on the Fe endowment of the neonate
at birth in this population to insure optimal birth outcomes for both the adolescent and her
developing fetus.
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ABSTRACT
BACKGROUND: Little is known about anemia and iron status in US newborns because
screening for anemia is typically not undertaken until 1 year of age. This study was undertaken
to characterize and identify determinants of iron status in newborns born to pregnant adolescents.
METHODS: Pregnant adolescents (≤ 18 y, n = 193) were followed from ≥ 12 weeks gestation
until delivery. Hemoglobin, ferritin, soluble transferrin receptor, serum iron, hepcidin,
erythropoietin, IL-6, and C- reactive protein were assessed in maternal and cord blood.
RESULTS: At birth, 23% of term neonates were anemic (Hb < 13.0 g/dL) and 25% had low
iron stores (ferritin < 76 µg/L). Cord serum ferritin concentrations were not significantly
associated with GA at birth across the range of 37 – 42 weeks. Neonates born to mothers with
ferritin < 12 µg/L had significantly lower ferritin (p = 0.003) compared to their counterparts.
Hepcidin and IL-6 were significantly (p < 0.05) elevated in neonates born to mothers with longer
durations of active labor.
CONCLUSION: Neonates born to pregnant adolescents are at risk of anemia and low iron
stores. Additional screening for iron status at birth is warranted given the possible link between
low iron stores and subsequent neurodevelopmental outcomes.
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INTRODUCTION
The iron endowment at birth helps support optimal growth and development throughout
early infancy. Little attention has been focused on the assessment of iron status at birth because
of the belief that sufficient iron will be accrued across gestation even in the face of mild to
moderate maternal anemia (1). However, an increasing body of evidence indicates that iron
stores may be compromised in newborns born to women with low iron stores (2, 3). This is of
concern given the growing literature on developmental programming that highlights the
importance of iron acquisition in utero on long-term functional consequences (4, 5), and animal
data that indicate that there are critical windows for the role of iron on fetal brain development
(6). In spite of the growing recognition of the importance of optimal fetal iron accretion, US
newborns are not typically screened for anemia until 1 year of age, and normative data at birth
are limited.
The majority of fetal body iron is obtained during the last trimester of pregnancy (7),
therefore neonates born preterm or early-term may be at risk of insufficient iron endowment. The
definition of “term”, has recently been refined to classify neonates as early (37 - 39 weeks
gestation), full (39 - 41 weeks gestation), late (41 - 42 weeks gestation), or post-term (≥ 42
weeks gestation) (8). Early-term neonates are at higher risk of non-optimal developmental
outcomes compared to infants born at 39 weeks gestational age (GA) or later (9-11). At this time,
little is known about iron status in healthy, term neonates born to pregnant adolescents and on
relative changes in iron stores that can be accrued over the last 3-5 weeks of gestation.
The fetus may be able to regulate placental Fe trafficking via production of fetal hepcidin
that is produced by the fetal liver early in gestation (12). Hepcidin is the master regulator of iron
homeostasis, and the production of this hormone is known to be regulated by iron stores,
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inflammation, hypoxia and erythropoietic activity (13). Despite its crucial role in regulation of
iron homeostasis, currently little is known about fetal hepcidin production and its regulatory
function, and few normative hepcidin data are available in maternal-neonatal pairs at birth (14,
15).
This study was undertaken to characterize iron status at birth in a group of healthy term
neonates born to pregnant adolescents, a group at increased risk of maternal anemia and iron
deficiency, and to explore the associations between neonatal iron status and hepcidin in relation
to maternal iron status in a higher risk obstetric population.

METHODS
Pregnant adolescents (n = 255) were recruited from the Rochester Adolescent Maternity
Program at The University of Rochester Medical Center in Rochester, NY (2006 – 2012).
Adolescents were: ≤ 18 y; ≥ 12 weeks gestation; carrying a singleton; and had no pre-existing
medical complications (HIV infection, diabetes, eating disorders or malabsorption diseases).
Informed written consent was obtained from all adolescents. In teens ≤ 14 y of age, both the
teen’s assent and parental consent were obtained. The study was approved by the Institutional
Review Boards of the University of Rochester and Cornell University.
Gestational age (GA) was determined based on self-reported maternal menstrual history.
If the maternal self-report and sonogram data differed by more than 10 days, GA was based on
the ultrasound data. Infant medical records were reviewed to abstract birth data and to screen for
the following adverse birth events or conditions: admission to the Neonatal Intensive Care Unit
(NICU), sepsis, respiratory distress, hyperbilirubinemia (> 12 mg/dL), antibiotic treatment and
TORCH infections. At birth, neonates were classified as small-for-gestational age (SGA) if the
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birth weight was < 10th percentile of the growth curves based on 80,000 deliveries in the Finger
Lakes Region of NY State (16). Duration of each stage of labor was defined as Stage 1 (time
from onset of contractions to full cervical dilation), Stage 2 (time from full dilation to delivery of
the baby) and Stage 3 (time elapsed between delivery of the baby to delivery of the placenta)
(17).
Umbilical cord blood (15 mL) was obtained at delivery. Cord blood was not obtained in
50 newborns due to study staffing availability at delivery (n = 9); delivery at a different hospital
(n = 8); fetal death in utero (n = 5); maternal refusal to allow blood sampling (n = 3); and other
miscellaneous reasons associated with adverse birth outcomes (n = 25). Cord blood hemoglobin
(Hb) concentrations were measured at the Strong Memorial Hospital (SMH) clinical laboratory
(Cell Dyn 4000 hematology analyzer) using Clinical Laboratory Improvement Amendments
certified methodology. Of the 205 cord blood samples collected, Hb concentrations were not
measured in 69 newborns because the samples clotted prior to analysis, or staff was not available
at the time of blood collection. Thus late in the study additional Hb data were obtained in the
delivery room using a HemoCue (n = 52). Of the 136 Hb values obtained in this study, 62% (n =
84) were analyzed at the SMH lab only, 13% (n = 18) were assessed by HemoCue only, and 25%
(n = 34) had Hb measures analyzed in both the lab and by HemoCue. When Hb data were
available by both methods, the values were significantly correlated (r = 0.70, p < 0.001).
Correlations between Hb concentrations and iron status indicators did not differ significantly
when determined using the Hb values from the core lab alone or when using averaged Hb values
from the core lab and Hemocue data. Therefore when duplicate Hb values were available from
both methods, the average value was utilized in statistical analyses. Neonatal anemia was defined
using standard criteria as a cord blood Hb concentration < 13.0 g/dL (18).
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Non-fasted maternal blood (15 mL) was collected at mid-gestation (26.1 ± 3.5 weeks
gestation, n = 120) and at admission into the hospital for delivery (39.9 ± 1.2 weeks gestation,
n=193). Serum ferritin (SF), soluble transferrin receptor (sTfR), hepcidin, interleukin-6 (IL-6),
C-reactive protein (CRP), erythropoietin (EPO), and serum iron were measured in cord and
maternal blood. Details of the methodology used for each assay, and maternal iron status and
maternal dietary iron intake have been previously reported (19). Cord SF concentrations < 76
μg/L were defined as being low based on data that have linked concentrations below this level
with subsequent impairments in mental and psychomotor function at 5 years of age (20).

Statistical Analysis
The distributions of variables were examined and geometric means [95% CI] were
calculated for the variables with skewed distributions. Differences in group means of normally
distributed variables were compared using independent t-tests or ANOVA with Tukey HSD for
multiple comparisons. Bivariate correlations between indicators were examined with scatter
plots, and correlation coefficients were calculated. Linear regression analyses were performed to
identify the determinants of each neonatal iron status indicator. Non-normally distributed
variables were log-transformed to achieve normality of the residuals. Statistical analyses were
conducted using JMP 10.0 (SAS Institute Inc). Statistical significance was determined at p <
0.05 in all analyses.
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RESULTS
Of the 205 newborns whose cord blood was obtained, 12 neonates (NICU admission, n =
6; cystic fibrosis, n = 1; preterm birth, n = 5) were excluded from the final analyses to focus the
analyses on iron status of heathy, term neonates. The characteristics of these 193 term newborns
are presented in Table 4.1.

Table 4.1 Characteristics of the Term Newborns at Birth (n = 193)
Subjects with
Mean ± SD
available data (n)
or % (n)
193
39.9 ± 1.2
Gestational age (weeks)
Early term, % (n)
21 (41)
Full term, % (n)
59 (113)
Late term, % (n)
19 (37)
Post term, % (n)
1 (2)
191
Mode of delivery
Vaginal delivery, % (n)
92 (176)
Cesarean section, % (n)
8 (15)
193
Gender
Male, % (n)
50 (96)
Female, % (n)
50 (97)
193
3270.1 ± 439.1
Birth weight (g)
153
33.5 ± 2.5
Head Circumference (cm)
182
51.1 ± 2.6
Birth length (cm)
189
7.8 ± 1.4
Apgar score (1 min)
193
Race
African-American, % (n)
70 (136)
Caucasian, % (n)
30 (57)
193
Ethnicity
Hispanic, % (n)
26 (50)
Non-Hispanic, % (n)
74 (143)

Although pregnant adolescents typically have higher risks of poor pregnancy outcomes
when compared to adults (21), birth rates of early-term (21%), full-term (59%), and late/postterm neonates (20%) in this cohort were not significantly different (p = 0.09) from the national
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birth rates of early- (24.7%), full- (50.8%), or late/post-term neonates (14.6%), respectively (22).
The mean birth weight of these term neonates was 3,270 ± 439 g, which was significantly lower
(p < 0.001) than that reported for term US singleton births (3,389 ± 466 g) (23), but comparable
to the mean birth weight of neonates born to adolescents (3.25 ± 0.02 kg) (24). SGA was
observed in 18% (n = 34) of term newborns, which was significantly higher (p = 0.001) than the
national rate (10-11%) (25).

Neonatal Anemia and Hemoglobin Concentrations
Cord blood Hb concentrations and iron status indicators are presented as a function of
GA grouping in Table 4.2. Two neonates were born post-term (42.1 ± 0.1 weeks gestation); data
from these 2 neonates were combined into the late-term grouping. The mean Hb concentration in
term neonates was 14.3 g/dL [95% CI: 13.8, 14.8] (n = 128) and anemia was evident in 23% (n =
29) of these neonates at birth. African-American neonates had significantly lower mean Hb
concentrations compared to Caucasian neonates (14.0 g/dL [95% CI: 13.5, 14.5], n = 97 vs. 15.2
g/dL [95% CI: 14.0, 16.3], n = 31, p = 0.01), however the prevalence of anemia did not differ
significantly between the two racial groups (24% in African-American neonates vs. 19% in
Caucasian neonates, p = 0.61). Neonatal anemia was observed among 18% of term neonates born
to mothers who self-reported use of prenatal supplements ≥ 2-5 times/week compared to 33% of
neonates born to mothers with who self-reported less frequent use of supplements (p = 0.05).
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Table 4.2 Neonatal Hb Concentrations and Indicators of Iron Status by Gestational Age Groupsa
n
Early term
n
Full term
n
(37 - 39 weeks
(39 - 41 weeks
gestation)
gestation)
41
38.1 ± 0.5
113 40.0 ± 0.6ǂ
39
Gestational age (weeks)b
ǂ
b
41
2940.1 ± 358.1
113 3261.9 ± 368.4
39
Birth weight (g)
41
113
39
Neonatal gender
Male, % (n)
66 (27)
42 (48)
Female, % (n)
34 (14)
58 (65)
29
14.4 ± 2.5
70
14.0 ± 3.0
29
Hemoglobin (g/dL)
(8.2 -18.7)
(7.0 – 20.8)
Anemia, % (n)
21 (6)
27 (19)
39
122
[91.8,
161]
104
114 [100, 130]
38
Serum ferritin (μg/L)
< 76 μg/L, % (n)
21 (8)
26 (27)
39
6.6 [6.0, 7.2]
106 7.6 [7.1, 8.1]
38
Serum sTfR (mg/L)b
ǂ
b
32
21.8 [17.3, 27.1]
97
32.8 [28.2, 38.5]
34
Serum EPO (mIU/mL)
22
192 [144, 257]
82
198 [179, 219]
23
Serum iron (μg/dL)
39
104 [78.3, 138]
104 87.4 [74.4, 103]
36
Serum hepcidin (ng/mL)
29
9.5 [6.0, 14.9]
95
8.8 [6.2, 12.7]
32
Serum IL-6 (pg/mL)c
< 0.13 pg/mL
3 (1)
0
5
3.5 [0.23, 51.4]
11
0.8 [0.32, 2.0]
5
Serum CRP (mg/L)c
< 0.2 mg/L
76 (16)
81 (48)

Late and post term
(≥ 41 weeks
gestation)
41.4 ± 0.3§
3640.8 ± 425.0§
54 (21)
46 (18)
14.9 ± 2.0
(10.4 – 17.3)
14 (4)
108 [80.6, 144]
26 (10)
9.0 [7.8, 10.4] ǂ
43.4 [31.5, 59.7] ǂ
202 [172, 237]
99.5 [72.2, 137]
11.1 [5.9, 20.9]
0
0.6 [0.2, 2.0]
77 (17)

CI, confidence interval; CRP, C - reactive protein; EPO, erythropoietin; IL-6, Interleukin-6; sTfR, soluble transferrin receptor.
a
Data are presented as the mean ± SD (range) for hemoglobin; geometric mean [95% CI] for CRP, EPO, ferritin, hepcidin, IL-6, and serum iron.
b
Values within a row that do not share a common superscript statistically differ (p < 0.05).
c
Undetectable values were excluded from calculations.
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Neonatal Iron Status in Term Neonates at Birth
In term neonates, the mean cord SF concentration was 114.4 μg/L [95% CI: 102.5, 127.7]
(n = 181), with 25% (n = 45) having cord SF < 76 μg/L. Serum ferritin concentrations were not
significantly associated with GA at birth across the range of 37 – 42 weeks (p = 0.69), nor were
they associated with weight (p = 0.99), gender (p = 0.97), or race (p = 0.93). The percentage of
term neonates with SF < 76 μg/L more than doubled in neonates born to mothers with dietary Fe
intakes less than the Estimated Average Requirement (23 mg/d) (26), compared to those with Fe
intakes ≥ 23 mg/d (27% vs. 11%, p = 0.04).
The mean concentration of cord sTfR was 7.6 mg/L [95% CI: 7.2, 8.1] (n = 183), and
cord sTfR was positively correlated with GA (r = 0.32, p < 0.0001, n = 183). A significantly (p <
0.05) higher concentration of cord sTfR was observed in late/post-term newborns (9.0 mg/dL
[95% CI: 7.8, 10.4], n = 38) when compared to early-term (6.6 mg/L [95% CI: 6.0, 7.2], n = 39)
or full-term neonates (7.6 mg/L [95% CI: 7.1, 8.1], n = 106).
The mean concentration of cord EPO was 32.1 mIU/mL [95% CI: 28.2, 36.2] (n = 163).
Cord EPO was positively correlated with GA (r = 0.32, p < 0.0001, n = 163) and early-term
newborns had a significantly (p < 0.05) lower EPO concentration (21.8 mIU/mL [95% CI: 17.3,
27.1], n = 32) compared to full-term (32.8 mIU/mL [95% CI: 28.2, 38.5], n = 97) and late/postterm neonates (43.4 mIU/mL [95% CI: 31.5, 59.7], n = 34).
The mean concentration of cord hepcidin was 92.8 ng/mL [95% CI: 82.3, 105.6] (n =
179). Cord hepcidin was significantly positively associated with the total duration of labor (R2 =
0.07, p < 0.001, n = 152), and with the duration of Stage 1 (R2 = 0.05, p = 0.005, n = 152) and
Stage 2 labor (R2 = 0.08, p < 0.001, n = 153). The mean concentrations of IL-6 was 9.4 pg/mL
[95% CI: 7.2, 12.2] (n = 156), and similar to the hepcidin findings, cord IL-6 was significantly

118

positively associated with the total duration of labor (R2 = 0.04, p = 0.02, n = 131), and with the
duration of Stage 2 labor (R2 = 0.06, p = 0.007, n = 132).

Correlations between Neonatal Iron Status Indicators
Table 4.3 presents correlations between cord Hb concentrations and indicators of iron
status. Among term-neonates, cord Hb was significantly negatively associated with cord SF (R2
= 0.06, p = 0.008, n = 123), and cord sTfR was significantly positively associated with cord EPO
(R2 = 0.14, p < 0.001, n =163). Cord hepcidin concentrations were significantly positively
associated with cord SF (R2 = 0.18, p < 0.001, n = 178) and cord IL-6 (R2 = 0.09, p < 0.001, n =
155), and significantly negatively associated with cord EPO (R2 = 0.05, p = 0.004, n = 162) and
cord sTfR (R2 = 0.03, p = 0.02, n = 179).
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Table 4.3 Correlations between Gestational Age, Birth Weight, and Iron Status Indicators of Term Neonates
Birth
weight (g)
r = 0.51ǂǂǂ
Gestational
Age at Birth n = 193
Birth Weight
(g)
Cord
Hemoglobin
Log Cord Ferritin
Log Cord sTfR

Cord
Hemoglobin
r = 0.06
n = 128
r = -0.05
n = 128

Log
Cord
Ferritin
r = -0.03
n = 181
r = 0.0006
n = 181
r = -0.24ǂǂ
n = 123

Log
Cord
sTfR
r = 0.35ǂǂǂ
n = 183
r = 0.04
n = 183
r = 0.12
n = 123

Log
Cord
EPO
r = 0.36ǂǂǂ
n = 163
r = 0.07
n = 163
r = 0.02
n = 111

Log
Cord
Serum Fe
r = 0.02
n = 127
r = 0.06
n = 127
r = 0.006
n = 86

Log
Cord
Hepcidin
r = -0.02
n = 179
r = 0.11
n = 179
r = 0.01
n = 122

Log
Cord
IL-6
r = 0.09
n = 157
r = 0.16
n = 157
r = -0.004
n = 110

r = -0.04
n = 181

r = -0.09
n = 162

r = 0.22ǂ
n = 125

r = 0.43ǂǂǂ
n = 178

r = 0.03
n = 156

r = 0.38ǂ
n = 163

r = 0.06
n = 125

r = -0.17ǂ
n = 179

r = -0.08
n = 156

r = 0.02
n = 116

r = -0.22ǂǂ
n = 162

r = -0.05
n = 149

r = 0.05
n = 125

r = 0.08
n = 114
r = 0.30ǂǂǂ
n = 155

Log Cord EPO
Log Cord Serum Fe
Log Cord Hepcidin
EPO, erythropoietin; Fe, iron; IL-6, Interleukin-6; sTfR, soluble transferrin receptor.
*p < 0.05; **p < 0.01; ***p < 0.001.
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Associations between Neonatal Iron Status and Maternal Iron Status
Table 4.4 presents the correlations between maternal and neonatal iron status indicators
obtained at mid-gestation and at delivery. Cord SF concentrations were significantly positively
associated with maternal SF at mid-gestation (R2 = 0.11, p < 0.001, n = 106). Cord SF was on
average 34% lower in neonates born to mothers with SF < 12.0 μg/L at 27.1 ± 3.5 weeks
gestation compared with neonates born to mothers with SF ≥ 12.0 μg/L at 26.1 ± 3.5 weeks
gestation (88.2 μg/L [95% CI: 69.4, 113.3], n=28, vs. 135.6 μg/L [95% CI: 119.1, 154.5], n = 78,
p = 0.003). Furthermore, a significantly higher percentage of neonates with cord SF < 76 μg/L
were born to mothers with SF < 12.0 μg/L compared to neonates born to mothers with SF ≥ 12.0
μg/L (29% vs. 12%, p = 0.04). Cord hepcidin was significantly positively associated with
maternal hepcidin at mid-gestation (R2 = 0.10, p = 0.001, n = 104).
At delivery, cord EPO was also significantly negatively correlated with maternal
hemoglobin concentrations at delivery (r = -0.19, p = 0.01, n = 156). In contrast to the
relationships observed at mid-gestation, no significant associations were observed between cord
SF and maternal SF at delivery (p = 0.30); or between cord hepcidin and maternal hepcidin at
delivery (p = 0.10). This may be explained by labor-induced inflammation as we have previously
found that ferritin and hepcidin concentrations were affected by the increased maternal
inflammation observed at delivery (19).
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Table 4.4 Relationship between Maternal and Neonatal Iron Status Indicators at Mid-Gestation (26.1 ± 3.5 weeks gestation) and at
Delivery (39.9 ± 1.2 weeks gestation)a
n
r (p)
Maternal Mid-gestation
Cord Blood
68
-0.05 (0.69)
11.1 ± 0.9
14.1 ± 2.8
Hemoglobin (g/dL)
106
0.34 (< 0.001)
16.8 [14.4, 19.7]
122 [108, 137]
Ferritin (μg/L)
108
0.21 (0.03)
4.7 [4.3, 5.1]
7.9 [7.4, 8.4]
sTfR (mg/L)
104
0.31 (0.001)
21.8 [18.4, 25.8]
98.5 [83.1, 116]
Hepcidin (ng/mL)
93
0.13 (0.22)
29.7 [27.1, 32.8]
34.8 [29.1, 41.3]
EPO (mIU/mL)
n
r (p)
Maternal Delivery
Cord Blood
127
-0.07 (0.42)
11.5 ± 1.5
14.3 ± 2.7
Hemoglobin (g/dL)
175
0.08 (0.30)
21.8 [19.3, 24.8]
117 [104, 130]
Ferritin (μg/L)
177
0.18 (0.02)
5.0 [4.6, 5.4]
7.6 [7.2, 8.1]
sTfR (mg/L)
171
0.13 (0.10)
25.8 [22.2, 30.3]
95.6 [84, 109]
Hepcidin (ng/mL)
153
0.21 (0.01)
27.4 [24.5, 30.3]
32.8 [28.8, 37.3]
EPO (mIU/mL)
EPO, erythropoietin; sTfR, soluble transferrin receptor.
a
Data are presented as the mean ± SD (range) for hemoglobin; geometric mean [95% CI] for EPO, ferritin, hepcidin, and sTfR.
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DISCUSSION
In this study, anemia was evident in nearly one-quarter (23%) of healthy term newborns
born to pregnant adolescents. At this time there are no national data to directly compare this
prevalence to, as 1- to 2-year olds are the youngest age group monitored for anemia prevalence
by the NHANES (27). Neonatal Hb concentrations have recently been compiled in archived
records of non-anemic US newborns with minimal hematology-related pathologies (n = 24,416)
(28). In relation to our data, non-anemic term neonates in our cohort exhibited a 2.7 g/dL lower
Hb concentration on average than the national reference data. Direct comparison of these values
is challenging because the US reference data were obtained from a mixture of capillary, venous,
and arterial blood, and Hb concentrations are known to vary between these sources (18). To
better control for variability due to site of sampling, our data were compared to weighted mean
cord Hb concentrations published in a review of nine studies (15.9 g/dL, n = 1,538) (29). Using
this reference value, mean cord Hb concentrations of neonates in our study remained on average
1.6 g/dL lower than expected.
Deficits in Hb are a late sign of iron insufficiency and the reductions in Hb
concentrations observed in these neonates may be indicative of insufficient iron reserves at birth.
In this cohort, fully 25% of neonates were born with cord SF < 76 µg/L, a percentage that was
2.6-times and 2.3-times higher than observed among Chinese (n = 3,699) (2) and Norwegian
neonates (n = 363) (30), respectively (p < 0.001 for both). Moreover, the median cord SF in our
study (124.1 µg/L) was approximately 27% lower than median values reported from both China
(170 µg/L) and Norway (169 µg/L) (2, 30) and approximately 7.4% lower than US data reported
in term newborns (134 µg/L, n = 308) (31). The combined Hb and ferritin data in this group of
neonates are indicative of insufficient iron stores at birth when compared to other neonatal
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populations.
In this study, an unexpected inverse relationship was observed between cord Hb
concentrations and SF, which was opposite to the positive association observed among the
pregnant adolescents that gave birth to these newborns (19), and to that reported among pregnant
women (32). An inverse correlation between neonatal Hb and storage iron has previously been
reported in term newborns born to diabetic mothers (33), but few normative data are available
regarding this correlation in otherwise healthy term neonates. Low ferritin concentrations in
neonates with high Hb concentrations may reflect a preferential utilization of iron in support of
erythropoiesis. However the mechanisms responsible for elevated ferritin concentrations in
neonates with low Hb concentrations are unknown and do not appear to be due to inflammation
given the lack of an association between cord SF and markers of inflammation (IL-6 or hepcidin)
in this group as a whole.
Early chemical analysis studies found that fetal total body iron content increased rapidly
over the last 4 weeks of gestation (34). However, of all the iron status indicators measured in our
study, only sTfR and EPO exhibited an increase as a function of the GA at birth across 37- 42
weeks of gestation. Ferritin concentrations did not significantly increase across the final 3-5
weeks of gestation, but remained constant in the face of increased neonatal birth weight and
length. This pattern is different that than reported by Siddappa et al. where cord SF increased
with GA across a wider range of GA (23 – 41 weeks gestation) (31). Because we are only
measuring circulating iron biomarkers at birth, we cannot evaluate possible changes in iron
stores in other body tissues and compartments. Currently there are insufficient data to tell if the
patterns observed are unique to neonates born to pregnant adolescents, or if similar patterns are
evident across the same time window in newborns born to biologically mature or non-anemic
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women.
At this time, little is known regarding the tempo, magnitude, and determinants of the
expression of fetal hepcidin. All term neonates in this study had detectable hepcidin at birth and
mean concentrations observed were similar to those reported among term neonates using the
same hepcidin assay (35). Hepcidin concentrations were elevated in newborns born to mothers
with longer durations of labor. This is likely due to inflammation as maternal hepcidin was
significantly elevated at delivery when compared to mid-gestation (19), and hepcidin was
significantly associated with IL-6 in both the adolescent at delivery and in neonatal cord blood
samples. This should be taken into account when considering use of either hepcidin or ferritin as
an indicator of iron status in neonates and their mothers at delivery. Similar findings on the
impact of iron stores and inflammation on hepcidin concentrations have been recently reported in
healthy infants and toddlers ages 0.5 – 3 y (36).
The iron endowment at birth is critical in ensuring that the neonate maintains sufficient
iron stores over early infancy (4 – 6 months), a time when the regulation of intestinal iron
absorption in response to infant iron stores may not be fully developed (37, 38). In this group of
neonates, maternal ferritin at mid-gestation was the most significant predictor of neonatal iron
stores at birth. This finding has implications for a more rigorous screening for maternal iron
status at a time when there is a window of opportunity to augment maternal and possibly fetal
iron stores by increasing maternal iron intake through diet or prenatal supplementation.
Ensuring optimal iron stores at birth and across gestation is essential as growing data
highlights the link between suboptimal iron stores at birth and altered neurophysiologic functions
(39). Intervening at key windows of gestation may have clinical implications for the growing
fetus as animal models have found that the timing of maternal ID plays a key role in fetal brain

125

development (6). Additional studies are needed to link neonatal iron status with functional
outcomes to identify optimal concentrations of iron status biomarkers at birth that best support
subsequent health and development.
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ABSTRACT
Iron (Fe) deficiency in utero may impact auditory nerve myelination. Auditory brainstem
response (ABR) provides a non-invasive means of assessing the maturation of central auditory
system. To assess relationships between neonatal Fe status and auditory neural outcomes, ABR
measures (Absolute Peak Latencies [APL] I, III, and V; Interpeak Latencies [IPL] I-III, III-V,
and I-V) were evaluated in 101 term neonates born to pregnant adolescents (17.4 ± 1.1 y). We
hypothesized that neonates with lower Fe status would exhibit longer APLs and IPLs compared
to neonates with higher iron status. Neonatal Fe status (Hb, ferritin, sTfR, EPO, serum Fe, and
hepcidin) was assessed using cord blood. The average gestational age (GA) of this group was
40.1 ± 1.2 wks, and 53% of neonates were males (n=54) and 23% of neonates were anemic at
birth. When ABR outcomes were examined by comparing the tertile groups for each Fe status
indicator, there were no consistent relationships between lower Fe status and longer APLs and
IPLs, after controlling for GA, gender, and time interval (hours) between birth and ABR testing.
Gestational age and gender were significantly associated with ABR outcomes. Early-term
neonates exhibited significantly longer APL V (P = 0.01) and IPL I-V (P = 0.01) compared to
full- and late-term neonates. Male neonates exhibited significantly longer APL III (P = 0.04),
APL V (P = 0.003), IPL I-III (P = 0.01), and IPL I-V (P = 0.001) compared to female neonates.
ABR at birth in a group of neonates at higher risk of anemia at birth was significantly associated
with GA and gender, but not with neonatal Fe status.

131

INTRODUCTION
Iron (Fe) is an essential nutrient for brain development because this metal is involved in
multiple developmental processes including myelination, neurotransmitter production, and
neuronal metabolic activity [1]. Oligodendrocytes (OG), the cells responsible for myelin
production, are the predominant cell type that contain Fe in the brain [2]. Iron is required by OGs
for the synthesis of fatty acids and cholesterol, the key components of the myelin sheath,
therefore insufficient Fe stores may adversely affect brain development via impaired myelination
[3, 4]. Myelination is essential for the functional maturation of the nervous system, and studies in
animal models and humans have indicated that Fe status across pregnancy and at birth are
associated with neurophysiological outcomes [5-7].
Auditory Brainstem Response (ABR) has been increasingly utilized in clinical studies in
neonates, as a non-invasive tool to quantitatively evaluate functional maturation of the central
nervous system using auditory neural myelination as a surrogate outcome [6, 7]. In addition,
emerging evidence indicate that auditory neural myelination evaluated by ABR in preterm
newborns is associated with subsequent language development at 3 years of age [8]. This
suggests that neurophysiological differences observed at birth may persist and impact subsequent
neurodevelopment.
The ABR test reflects electrophysiological activity of neurons in the auditory brainstem
pathway [9]. This response consists of five waves that reflect sequential activation of different
levels of the auditory pathway (from the cochlea to the cortex) [9]. These five waves can be
described using measures of absolute peak latency (APL) or interpeak latency (IPL) [9]. APL
represents the transmission time from the stimulus onset to the origins of each wave in the
auditory pathway. APL wave I, III, and V reflect the time needed for the auditory signal to reach
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the acoustic nerve, cochlear nucleus complex, and the lateral lemniscus, respectively [9]. IPL is a
relative measure of latency calculated as the time between the peaks of two different waves (IIII, III-V, I-V), and represents the neural conduction time between the respective locations of
neural discharge along the auditory pathway [9]. IPL I-V represents the central conduction time
(CCT), which is considered as an index of the overall integrity of the auditory pathway and
central nervous system development because myelination of the nerves leads to a reduction in the
CCT [10].
Several observational studies have utilized ABR to assess the impact of ID on brain
development in newborns and children [6, 7, 11, 12]. In preterm newborns (27 – 33 weeks
gestation), cord ferritin concentrations between 11 - 75 ng/mL have been associated with
significantly prolonged APL I, III, V [6]. In neonates born ≥ 35 weeks gestation, significantly
prolonged IPL III-V and IPL I-V were observed in neonates with decreased cord ferritin
concentrations < 75 ng/mL [7]. Cord ferritin has been the most commonly used indicator to
evaluate the impact of Fe status on auditory neural myelination, little is known about other
indicators of Fe status (hemoglobin [Hb], soluble transferrin receptor [sTfR], erythropoietin
[EPO], serum Fe, and hepcidin) and their possible associations with ABR outcomes in newborn
populations. We have previously reported iron status of term neonates born to pregnant
adolescents, and found that 23% of term newborns were anemic at birth and 25% had umbilical
cord serum ferritin (SF) concentrations under 76 µg/L [13]. This study was undertaken to
examine the impact of neonatal Fe status on ABR outcomes in a cohort known to be at increased
risk for insufficient Fe reserves and anemia.
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METHODS
Neonates born to pregnant adolescents (≤ 18 years) were studied. All adolescents
recruited into the study carried a singleton pregnancy, were ≥ 12 weeks of gestation at entry into
the study, and had with no pre-existing medical complications such as HIV infection, diabetes,
eating disorders or malabsorption diseases). Teen mothers were recruited between 2008 and
2012 from the Rochester Adolescent Maternity Program (RAMP) at The University of Rochester
Medical Center in Rochester, NY. Informed written consent was obtained from all adolescents
and both assent and parental consent were obtained in those ≤ 14 y. The study was approved by
the Institutional Review Boards of the University of Rochester and Cornell University. This
study was registered in ClinicalTrials.gov: NCT01019902.
Umbilical cord blood (15 mL) was obtained at birth. Hemoglobin concentrations were
assessed in the whole blood at Strong Memorial Hospital hematology laboratory (Cell Dyn 4000
hematology analyzer) or by HemoCue, and neonatal anemia was defined if the cord Hb
concentration was < 13.0 g/dL [14]. The IOM recommends that the Hb cut-off for anemia among
adult African-Americans be set 0.8 g/dL lower [15] to account for the lower Hb concentrations in
African-Americans compared to Caucasians [16]. However there are no recommendations
regarding the adjustments of the Hb cut-off for anemia in pediatric or neonatal populations, and
little is known on the impact of adjusting the cut-off on functional outcomes. Therefore analysis
was undertaken using both race adjusted (Hb < 13.0 g/dL in Caucasians; Hb < 12.2 g/dL in
African-Americans) and unadjusted Hb cut-offs for anemia in this study.
Umbilical cord SF, sTfR, EPO, serum Fe, and hepcidin were also measured and a full
description of each assay has been previously reported [17]. Cord SF concentrations < 76 μg/L
were classified as insufficient based on data that linked concentrations below this level with
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subsequent impairments in mental and psychomotor function at 5 years of age [18]. The ABR
test was conducted within 48 hours of birth using a Bio-logic Navigator Evoked Response
System (Bio-logic Systems, Mundelein, IL) by certified audiologists skilled in administering
these tests to newborns. For testing, infants were placed in a supine position with the head to the
side and skin temperature was monitored and maintained ≥ 35.5 °C. The electrodes were placed
at: mastoid (reference), midline of the upper forehead or crown of the head (active), and shoulder
(ground). Bilateral monaural tests were performed using an 80-dB nHL broadband click stimuli
presented at a repetition rate of 29.9/sec via a TDH-39 earphone placed over the infant’s ear.
Responses were amplified (×200,000), band-pass filtered (100 to 1500 Hz) and averaged over a
20 msec time epoch. Three-runs of 2000 repetitions were recorded for each ear, and the two most
replicable runs for each ear were averaged and used for analysis. All ABR measures were
obtained and processed by personnel that were blinded as to the newborn’s Fe status. Of the
ABR measures obtained from the right and left ear, the ear that exhibited the shorter IPL I-V was
used for the final data analyses as the prolonged peak latencies may be related to greater degree
of fluid accumulation in the ear. To examine whether the results differ by using the values
measured in the best ear vs. the average values obtained from both ears, all statistical analyses
were undertaken using mean data from both ears and data from the best ear and results were
compared.
The study neonatologist (RG) identified neonates that were clinically unstable within the
first 48-h post-delivery and/or those with perinatal asphyxia, pathologic neonatal
hyperbilirubinemia (total bilirubin > 12 mg/dL), respiratory disease, antibiotic therapy, CNS
infection, sepsis, congenital or middle or external ear lesions, craniofacial anomalies,
chromosomal disorders, TORCH infections (toxoplasmosis, other infections, rubella,
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cytomegalovirus infection and herpes simplex), or those born to mothers with positive drug
abuse screens at delivery. Neonates with the conditions above were excluded from the final data
analyses to focus the analyses only on heathy, term newborns. To examine the gestational
difference in the last 3-5 weeks of gestation, term neonates were further classified as neonates
born early (37 - 39 weeks gestation), full (39 - 41 weeks gestation), late (41 - 42 weeks
gestation), or post-term (≥ 42 weeks gestation) [19].

Statistical Analysis
The neonatal cohort was divided into subgroups based on the tertile of the distribution of
each Fe status indicators (Hb, SF, sTfR, EPO, serum Fe, hepcidin). For the analysis of the
associations between neonatal Fe status and the ABR measurements, Analysis of Covariance
(ANCOVA) was utilized to identify differences on the ABR outcomes among neonates by
tertiles of Fe status for each Fe status indicator. Potential confounders were explored and tested
by univariate regression analyses or by two-sample t-test, and variables associated with Fe status
or ABR latencies (P < 0.10) were included in the multivariate regression analysis as covariates.
Statistical analyses were conducted using JMP (version 10.0; SAS Institute Inc, Cary, NC). All
tests were two-sided and a P < 0.05 was considered statistically significant.
This study was originally designed to recruit 140 neonates in order to detect similar
differences in primary outcomes of ABR test between neonates with low cord ferritin (11 – 75
μg/L) vs. high cord ferritin (> 75 μg/L) based on a previous ABR study conducted at the
University of Rochester [7, 8]. However, among the total of 144 neonates initially recruited in
this study, data from nearly 30% (n=43) of the cohort was lost because ABR testing was not
obtained (17%, n=25) or was not usable due to the clinically unstable condition of the neonates
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post-delivery (13%, n=18). Furthermore, among the final sample size of 101 neonates, cord Hb
and ferritin data were not available in 28% and 15% of the cohort, respectively (for hemoglobin
often because the sample clotted before it could be analyzed), which resulted in reduced sample
sizes for the biochemical analyses.

RESULTS
Of the 144 newborns in the study, ABR testing was completed in 83% (n=119). Reasons
for the loss of data in the 25 infants included; fetal death in utero (n=2); delivery at a different
hospital (n=4); failure to notify study staff at the time of delivery (n=8); refusal to allow ABR
testing after birth (n=5), equipment failure (n=1), and other miscellaneous reasons associated
with adverse birth outcomes (n=5). Of the 119 newborns whose ABR testing data obtained, 18
neonates (cystic fibrosis diagnosis at birth, n=1; admitted to NICU, n=1; had craniofacial
anomalies, n=1; preterm birth, n=5; no IPL I-V measure) were excluded from the final analyses
to focus the analyses on the impact of Fe status on ABR outcomes among healthy, term neonates.
Compared with newborns included in the final analysis, neonates who were excluded were born
at a significantly earlier GA (38.7 ± 2.7 vs. 40.1 ± 1.2 weeks gestation, P = 0.0005), had smaller
average birth weight (3,099.9 ± 407.6 g vs. 3318.1 ± 431.3 g, P = 0.01), and lower APGAR
scores at 1 minute (7.1 ± 2.1 vs. 7.7 ± 1.6, P = 0.03). ABR measures were obtained on average at
25.3 ± 13.3 hours post-delivery (range: 0.3 - 83.5 hours). Five newborns were tested more than
48 hours of birth. Data analyses were completed with and without the inclusion of these five
newborns. Because no significant differences were observed in any of the main study outcomes
by excluding these five infants, all newborns were included in the final analyses. Table 5.1
presents the characteristics of the 101 term neonates included in the final analysis.
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Table 5.1 Characteristics of the Term Newborns with ABR measures (n=101)1, 2
All
n
Mean ± SD or %
n
101
40.1 ± 1.2
54
Gestational Age at Birth (weeks)
Early term (%)
18
18
12
Full term (%)
59
58
28
Late term (%)
24
24
14
101
3318.1 ± 431.3
54
Weight (g)
95
51.6 ± 2.5
52
Length (cm)
74
33.3 ± 1.6
39
Head Circumference (cm)
1
0.9
0
Low birth weight (%)
15
15
6
Small for gestational age (%)
101
Race
African-American (%)
81
80
43
Caucasian (%)
20
20
11
Ethnicity
Hispanic (%)
26
26
14
Non-Hispanic (%)
75
74
40
73
14.2 ± 2.8
39
Cord hemoglobin (g/dL)
< 13.0 g/dL
17
23
9
86
110 [91.8, 133]
45
Cord ferritin (µg/L)
< 76 µg/L
26
30.2
11
86
7.7 [7.0, 8.4]
45
Cord soluble transferrin receptor (mg/L)
76
34.1 [27.9, 41.3]
40
Cord Erythropoietin (mIU/mL)
66
186 [167, 210]
34
Cord Serum iron (µg/dL)
84
90.9 [75.9, 108.9]
44
Cord hepcidin (ng/mL)
1
2

Male
Mean ± SD or %
40.1 ± 1.2
22
52
26
3337.6 ± 400.7
51.7 ± 2.5
33.6 ± 1.6
0
40

n
47
6
31
10
47
43
35
1
9

Female
Mean ± SD or %
40.1 ± 1.1
13
66
21
3295.7 ± 467.4
51.3 ± 2.6
33.0 ± 1.6
2
60

53
55

38
9

47
45

54
53
14.4 ± 2.7
53
119 [92.8, 151]
24
8.2 [7.2, 9.3]
32.8 [24.3, 44.3]
192 [167, 221]
83.9 [66.7, 106.7]

12
35
34
8
41
15
41
36
32
40

46
47
14.1 ± 2.9
47
102 [75.9, 137]
37
7.2 [6.4, 8.1]
35.5 [27.7, 45.6]
183 [150, 221]
98.5 [73.7, 131.6]

Data are presented as mean ± SD (range) for hemoglobin; geometric mean [95% CI] for EPO, ferritin, hepcidin, and sTfR.
No significant differences of the variables were noted as a function of neonatal gender.
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ABR outcomes by Gestational Age
Gestational age at birth was significantly negatively associated with all ABR measures
except for APL I. When ABR measures were compared by GA groups (early term, full term, and
late term) controlling for the time interval in hours between birth and ABR testing, early-term
newborns exhibited significantly prolonged APL V and IPL I-V measures compared to both fullterm and late-term neonates (Table 5.2). The overall results did not differ when either the value
from the best ear or the mean value from both ears were used in the analysis (Table 5.2).
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Table 5.2 Absolute and Interpeak Latencies as a Function of Gestational Age Group1
Using Data from Best Ear as Outcome
Using Average Value from Both Ears as Outcome
Early-term
Full-term
Late-term
Early-term
Full-term
Late-term
18
59
24
18
59
24
n
38.1 ± 0.15
40.1 ± 0.07
41.4 ± 0.07
38.1 ± 0.15
40.1 ± 0.07
41.4 ± 0.07
Gestational weeks
Absolute Peak
Latencies
1.70 ± 0.04
1.73 ± 0.02
1.71 ± 0.03
1.69 ± 0.03
1.69 ± 0.02
1.69 ± 0.03
I (msec)
4.67 ± 0.07
4.61 ± 0.04
4.53 ± 0.06
4.72 ± 0.05
4.62 ± 0.03
4.58 ± 0.04
III (msec)
a
b
b
a
b
7.24 ± 0.08
7.02 ± 0.04
6.94 ± 0.07
7.34 ± 0.07
7.12 ± 0.04
7.05 ± 0.06b
V (msec)
Interpeak
Latencies
2.98 ± 0.06
2.88 ± 0.03
2.82 ± 0.05
3.03 ± 0.05
2.93 ± 0.03
2.89 ± 0.04
I-III (msec)
2.56 ± 0.06
2.41 ± 0.03
2.40 ± 0.05
2.62 ± 0.05
III-V (msec)
a
b
b
5.54 ± 0.08
5.29 ± 0.04
5.23 ± 0.07
5.65 ± 0.07a
I-V (msec)
1
Adjusted for time interval from birth to time at ABR testing. Data expressed as mean ± SE.
Values within a row that do not share a common superscript statistically differ (P < 0.05).

2.51 ± 0.03
5.43 ± 0.04b

2.47 ± 0.04
5.36 ± 0.06b
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ABR outcomes by Neonatal Gender
Neonatal gender was significantly associated with APL III, APL V, IPL I-III, and IPL IV. Male neonates exhibited significantly longer wave latencies compared to female neonates for
all four measures, controlling for GA and the time interval (hours) between birth and ABR
testing in the analyses (Table 5.3). Among the neonatal birth characteristics, GA and neonatal
gender were consistently, and most significantly associated with ABR outcomes. Neonatal
gender and GA together explained 18% of the variance of APL V (R2=0.18, P < 0.0001, n=101),
12% of the variance of IPL I-III (R2=0.12, P = 0.002, n=101), and 19% of the variance of IPL IV (R2=0.19, P < 0.0001, n=101). No significant interaction was observed between GA and
neonatal gender in these outcomes. The overall results did not differ when the mean values for
each ear were used in place of the data obtained from the best ear only (Table 5.3).

Table 5.3 Absolute and Interpeak Latencies as a Function of Neonatal Gender1
Using Data from Best Ear as
Using Average Value from Both
Outcome
Ears as Outcome
Male
Female
P
Male
Female
P
n
54
47
54
47
Absolute Peak
Latencies
1.69 ± 0.02 1.70 ± 0.02 0.73
1.71 ± 0.02 1.72 ± 0.02
0.71
I (msec)
4.67 ± 0.03 4.57 ± 0.03 0.02
4.66 ± 0.04 4.54 ± 0.04
0.04
III (msec)
7.12 ± 0.04 6.94 ± 0.05
0.005 7.22 ± 0.04 7.05 ± 0.04 0.003
V (msec)
Interpeak Latencies
2.99 ± 0.03 2.88 ± 0.03 0.01
2.95 ± 0.03 2.82 ± 0.04
0.01
I-III (msec)
2.55 ± 0.03 2.48 ± 0.03 0.11
2.47 ± 0.03 2.40 ± 0.04
0.20
III-V (msec)
5.41 ± 0.04 5.22 ± 0.05
0.003 5.54 ± 0.04 5.36 ± 0.04 0.002
I-V (msec)
1
Adjusted for gestational age and time interval from birth to time at ABR testing.
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Neonatal Iron Status and ABR outcomes
Of the 101 term neonates included in the final analysis, cord Hb data were not available
in 28 newborns because the samples clotted prior to analysis (n=12), or staff was not available at
the time of blood collection (n=16). Using the identical Hb cut-off for anemia in all neonates
regardless of race, anemia was observed in 23% of the neonates. ABR outcomes did not differ
significantly as a function of neonatal anemia (P = 0.14 for APL I; P = 0.92 for APL III; P =
0.58 for APL V; P = 0.65 for IPL I-III; P = 0.32 for IPL III-V; P = 0.25 for IPL I-V).
When the race-adjusted Hb cut-off for anemia was applied, only one African-American
neonate’s status changed from anemic to non-anemic, and the rates of anemia (22%) did not
differ significantly (P = 0.78) compared to using the non race-specific Hb cut-off. The ABR
outcomes did not differ using the race-adjusted anemia criteria (P = 0.35 for APL I; P = 0.24 for
APL III; P = 0.19 for APL V; P = 0.12 for IPL I-III; P = 0.71 for IPL III-V; P = 0.12 for IPL IV).
There were no significant differences in the ABR outcomes as a function of low SF (P =
0.07 for APL I; P = 0.92 for APL III; P = 0.77 for APL V; P = 0.19 for IPL I-III; P = 0.79 for
IPL III-V; P = 0.24 for IPL I-V). ABR outcomes were further examined by comparing the tertile
groups for each Fe status indicator and similar to the Hb findings, no consistent relationships
were evident between lower Fe status for the five indicators examined and longer APLs and
IPLs, after controlling for GA, gender, and time interval (hours) between birth and ABR testing
(Table 5.4).
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Table 5.4 Absolute and Interpeak Latencies as a Function of Neonatal Iron Status1
a. Using ABR Data from the Best Ear

Absolute Peak Latencies (msec)
I
III
V

Interpeak Latencies (msec)
I-III
III-V
I-V

Hb (g/dL)
Tertile 1: 7.0 - 13.8 (n=22)
1.71 ± 0.04
4.60 ± 0.06
7.04 ± 0.06
2.89 ± 0.06 2.43 ± 0.05
5.32 ± 0.07
Tertile 2: 13.8 - 15.5 (n=28)
1.70 ± 0.03
4.63 ± 0.06
7.05 ± 0.06
2.93 ± 0.05 2.42 ± 0.05
5.35 ± 0.06
Tertile 3: 15.5 - 19.9 (n=23)
1.78 ± 0.04
4.60 ± 0.06
7.01 ± 0.06
2.83 ± 0.06 2.41 ± 0.05
5.24 ± 0.07
Ferritin (μg/L)
Tertile 1: 7.3 - 89.9 (n=28)
1.76 ± 0.03
4.60 ± 0.05
7.02 ± 0.06
2.84 ± 0.05 2.42 ± 0.05
5.26 ± 0.06
Tertile 2: 89.9 - 162.4 (n=29)
1.75 ± 0.03
4.68 ± 0.05
7.09 ± 0.06
2.93 ± 0.05 2.41 ± 0.05
5.34 ± 0.06
Tertile 3: 162.4 - 666.2 (n=29)
1.65 ± 0.03
4.53 ± 0.05
6.98 ± 0.06
2.88 ± 0.05 2.45 ± 0.05
5.32 ± 0.06
sTfR (mg/L)
Tertile 1: 2.9 - 6.3 (n=29)
1.72 ± 0.03
4.67 ± 0.05
7.08 ± 0.06
2.94 ± 0.05 2.42 ± 0.05
5.36 ± 0.06
Tertile 2: 6.3 - 8.6 (n=28)
1.69 ± 0.03
4.50± 0.05
6.93 ± 0.06
2.81 ± 0.05 2.43 ± 0.05
5.24 ± 0.06
Tertile 3: 8.6 - 29.8 (n=29)
1.75 ± 0.03
4.64 ± 0.05
7.08 ± 0.06
2.89 ± 0.05 2.44 ± 0.05
5.33 ± 0.06
EPO (mIU/mL)
Tertile 1: 1.7 - 23.6 (n=25)
1.68 ± 0.03
4.53 ± 0.05
7.01 ± 0.07
2.86 ± 0.05 2.48 ± 0.06
5.33 ± 0.07
Tertile 2: 23.6 - 41.3 (n=25)
1.74 ± 0.03
4.64 ± 0.04
7.02 ± 0.06
2.90 ± 0.04 2.37 ± 0.05
5.28 ± 0.06
Tertile 3: 41.3 - 343 (n=26)
1.74 ± 0.03
4.64 ± 0.05
7.07 ± 0.06
2.91 ± 0.05 2.42 ± 0.05
5.33 ± 0.07
Serum iron (μg/dL)
Tertile 1: 26.3 - 165.8 (n=22)
1.76 ± 0.03
4.66 ± 0.06 7.05 ± 0.06ab 2.90 ± 0.05 2.40 ± 0.06 5.30 ± 0.06ab
Tertile 2: 165.8 - 218.4 (n=22)
1.70 ± 0.03
4.67 ± 0.06 7.20 ± 0.06a 2.97 ± 0.05 2.53 ± 0.06 5.50 ± 0.06a
Tertile 3: 218.4 - 670.4 (n=22)
1.68 ± 0.03
4.49 ± 0.06 6.89 ± 0.06b 2.81 ± 0.05 2.40 ± 0.06 5.21 ± 0.06b
Hepcidin (ng/mL)
Tertile 1: 7.8 - 68.8 (n=28)
1.74 ± 0.03
4.63 ± 0.05
7.08 ± 0.06
2.89 ± 0.05 2.45 ± 0.05
5.34 ± 0.06
Tertile 2: 68.8 - 135.3 (n=28)
1.73 ± 0.03
4.56 ± 0.05
6.92 ± 0.06
2.83 ± 0.05 2.36 ± 0.05
5.19 ± 0.06
Tertile 3: 135.3 - 447.5 (n=28)
1.70 ± 0.03
4.61 ± 0.05
7.08 ± 0.06
2.91 ± 0.05 2.47 ± 0.05
5.38 ± 0.06
1
Adjusted for gestational age, gender, and time interval from birth to time at ABR testing. Data expressed as mean ± SE.
Values within a column under each ABR outcome heading that do not share a common superscript statistically differ (P < 0.05) by
iron status indicator tertile.
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b. Absolute and Interpeak Latencies as a Function of Neonatal Iron Status1
Using Average ABR Data from Both Ears

Absolute Peak Latencies (msec)
I
III
V

Interpeak Latencies (msec)
I-III
III-V
I-V

Hb (g/dL)
Tertile 1: 7.0 - 13.8 (n=22)
1.70 ± 0.03
4.65 ± 0.05
7.14 ± 0.06
2.95 ± 0.05 2.49 ± 0.04
5.44 ± 0.06
Tertile 2: 13.8 - 15.5 (n=28)
1.69 ± 0.02
4.63 ± 0.04
7.13 ± 0.05
2.94 ± 0.04 2.50 ± 0.04
5.44 ± 0.06
Tertile 3: 15.5 - 19.9 (n=23)
1.71 ± 0.03
4.62 ± 0.05
7.12 ± 0.06
2.90 ± 0.04 2.50 ± 0.04
5.41 ± 0.06
Ferritin (μg/L)
Tertile 1: 7.3 - 89.9 (n=28)
1.72 ± 0.02 4.61 ± 0.04ab
7.09 ± 0.05
2.89 ± 0.04 2.48 ± 0.04
5.37 ± 0.05
Tertile 2: 89.9 - 162.4 (n=29)
1.72 ± 0.02 4.71 ± 0.04a 7.22 ± 0.05
2.99 ± 0.04 2.51 ± 0.04
5.50 ± 0.05
b
Tertile 3: 162.4 - 666.2 (n=29)
1.65 ± 0.02 4.56 ± 0.04
7.07 ± 0.05
2.90 ± 0.04 2.51 ± 0.04
5.42 ± 0.05
sTfR (mg/L)
Tertile 1: 2.9 - 6.3 (n=29)
1.68 ± 0.02
4.65 ± 0.04
7.14 ± 0.05
2.98 ± 0.04 2.49 ± 0.04
5.47 ± 0.05
Tertile 2: 6.3 - 8.6 (n=28)
1.69 ± 0.02
4.56± 0.04
7.06 ± 0.05
2.87 ± 0.04 2.50 ± 0.04
5.36 ± 0.05
Tertile 3: 8.6 - 29.8 (n=29)
1.71 ± 0.02
4.65 ± 0.04
7.17 ± 0.05
2.94 ± 0.04 2.52 ± 0.04
5.46 ± 0.05
EPO (mIU/mL)
Tertile 1: 1.7 - 23.6 (n=25)
1.66 ± 0.03
4.56 ± 0.04
7.10 ± 0.06
2.90 ± 0.04 2.54 ± 0.04
5.44 ± 0.06
Tertile 2: 23.6 - 41.3 (n=25)
1.72 ± 0.03
4.66 ± 0.04
7.14 ± 0.05
2.94 ± 0.04 2.47 ± 0.04
5.42 ± 0.06
Tertile 3: 41.3 - 343 (n=26)
1.71 ± 0.03
4.66 ± 0.04
7.17 ± 0.06
2.95 ± 0.04 2.51 ± 0.04
5.46 ± 0.06
Serum iron (μg/dL)
Tertile 1: 26.3 - 165.8 (n=22)
1.74 ± 0.02
4.69 ± 0.04 7.17 ± 0.06ab 2.96 ± 0.04 2.47 ± 0.04 5.43 ± 0.06ab
Tertile 2: 165.8 - 218.4 (n=22)
1.68 ± 0.03
4.65 ± 0.04
7.27 ± 0.06a 2.97 ± 0.04 2.61 ± 0.04 5.59 ± 0.06a
Tertile 3: 218.4 - 670.4 (n=22)
1.69 ± 0.03
4.54 ± 0.04 7.02 ± 0.06b 2.85 ± 0.04 2.48 ± 0.04 5.34 ± 0.06b
Hepcidin (ng/mL)
Tertile 1: 7.8 - 68.8 (n=28)
1.72 ± 0.02
4.66 ± 0.04
7.18 ± 0.05
2.94 ± 0.04 2.53 ± 0.04
5.46 ± 0.05
Tertile 2: 68.8 - 135.3 (n=28)
1.68 ± 0.02
4.59 ± 0.04
7.03 ± 0.05
2.91 ± 0.04 2.44 ± 0.04
5.35 ± 0.05
Tertile 3: 135.3 - 447.5 (n=28)
1.69 ± 0.02
4.61 ± 0.04
7.16 ± 0.05
2.92 ± 0.04 2.55 ± 0.04
5.47 ± 0.05
1
Adjusted for gestational age, gender, and time interval from birth to time at ABR testing. Data expressed as mean ± SE.
Values within a column under each ABR outcome heading that do not share a common superscript statistically differ (P < 0.05) by
iron status indicator tertile.
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As the overall results did not differ when the mean values for both ears were used in the
analysis (Table 5.4), the following analyses were pursued using the ABR measures obtained
from the best ear to be consistent with the other similar ABR research studies at the University of
Rochester. To search for a more sensitive threshold indicative of low neonatal Fe status and
prolonged ABR peak latencies, APLs and IPLs (using data from the best ear as the outcome)
were plotted by each Fe status indicator (Figures 5.1 – 5.6) and different cut-off values (10th
percentile or tertiles) were applied. Newborns with cord Hb concentrations < 9.98 g/dL (10th
percentile; n=7) exhibited significantly longer APL III (4.85 ± 0.11 msec vs. 4.59 ± 0.04 msec)
and IPL I-III (3.15 ± 0.10 msec vs. 2.86 ± 0.06 msec) compared to those with cord Hb
concentrations ≥ 9.98 g/dL (n=66). No significant differences were observed as a function of the
10th percentile cutoff for any of the other Fe status indicators measured.
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Figure 5.1 Absolute and Interpeak Latencies as a Function of Cord Hemoglobin
a. By Gender
b. By Gestational Age Group c. By Race
Males,

Early-term

African-Americans,

Females

Full-term,
Late & Post-term

Caucasians
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Figure 5.2 Absolute and Interpeak Latencies as a Function of Cord Serum Ferritin
a. By Gender
b. By Gestational Age Group c. By Race
Males,

Early-term

African-Americans,

Females

Full-term,
Late & Post-term

Caucasians
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Figure 5.3 Absolute and Interpeak Latencies as a Function of Cord sTfR
a. By Gender
b. By Gestational Age Group c. By Race
Males,
Females

Early-term
Full-term,
Late & Post-term

African-Americans,
Caucasians
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Figure 5.4 Absolute and Interpeak Latencies as a Function of Cord Serum Erythropoietin
a. By Gender
b. By Gestational Age Group c. By Race
Males,

Early-term

African-Americans,

Females

Full-term,
Late & Post-term

Caucasians

149

Figure 5.5 Absolute and Interpeak Latencies as a Function of Cord Serum Iron
a. By Gender
b. By Gestational Age Group c. By Race
Males,

Early-term

African-Americans,

Females

Full-term,
Late & Post-term

Caucasians
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Figure 5.6 Absolute and Interpeak Latencies as a Function of Cord Serum Hepcidin
a. By Gender
b. By Gestational Age Group c. By Race
Males,
Females

Early-term
Full-term,
Late & Post-term

African-Americans,
Caucasians
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Compared to the larger cohort of 193 term newborns of this study [13], no significant
differences were observed in the average concentrations of the Fe status indicators measured in
the 193 term neonates included in this study cohort (P = 0.81 for Hb; P = 0.65 for SF; P = 0.82
for sTfR; P = 0.53 for EPO; P = 0.35 for serum Fe; P = 0.77 for hepcidin). Similar to the
observations from the larger cohort, the majority of neonatal Fe status indicators in this group
were not significantly associated with GA at birth across the range of 37 – 42 weeks (P = 0.26
for Hb; P = 0.61 for SF; P = 0.08 for serum Fe; P = 0.18 for hepcidin) except for sTfR (P =
0.005) and EPO (P < 0.0001). The rates of anemia (23%) and low SF concentrations (30%) also
did not differ significantly from that previously reported in the larger neonatal cohort (P = 0.90
for anemia; P = 0.25 for low SF) [13].
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DISCUSSION
In the present study, we reported the impact of neonatal Fe status on neurophysiological
outcomes with a focus on healthy newborns born at term (> 37 wks GA). No consistent patterns
were evident between lower neonatal Fe status and impaired indices of auditory brainstem
response (ABR) outcomes as determined by longer absolute peak latencies (APL) or interpeak
latencies (IPL). However, ABR outcomes were significantly impacted by GA and neonatal
gender. Early-term neonates and males both exhibited significantly longer APLs and IPLs
compared to their term or female counterparts respectively.
Our lack of a significant association between insufficient cord ferritin concentrations and
prolonged IPLs III-V and I-V differs from data reported in a previous study by Amin et al. in
neonates born ≥ 35 weeks gestation that reported significantly longer IPLs III-V and I-V in those
with cord ferritin 11-75 µg/L (n=12) compared to those with concentrations under 11 (n=33) [7].
Although the same ABR testing methods were utilized in both studies but the same audiology
staff, direct comparisons of these results is limited because the average gestational age at birth of
neonates in our study was 1.5 – 2.2 weeks longer than that reported in the study by Amin et al.
[7]. ABR outcomes are known to increase with increasing gestational age and the ABR wave
latencies of neonates in our study were as expected 0.22 msec (IPL I-III), 0.26 msec (IPL III-V),
and 0.48 msec (IPL I-V) longer than the means reported in his younger neonatal cohort [7].
Data assessing ABR and Fe status at birth are limited. A recent study by Berglund
evaluated IPL I-V at 6 months of age in a group of Swedish infants (n = 267) that were born
between GA 31 – 40 weeks (55% preterm). In this cohort no significant correlations were
evident between the IPL outcomes at 6 months and several Fe status indicators (ferritin, MCV,
transferrin saturation, and TfR) [20]. The authors concluded that mild/moderate ID at 6 months
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of age was not associated with neurophysiological impairment as measured by the IPL I-V
outcome [20]. Direct comparison with our findings is limited due to the high percentage of
preterm infants in their study (55% preterm), and the fact that ABR measures were not obtained
until 6 months of age so that many other early life variables may have impacted
neurophysiological outcomes over this interval of time.
Our study did not find a significant association between low cord ferritin and prolonged
ABR peak latencies. The lack of a significant association between low Fe stores and prolonged
ABR peak latencies might be related to the lack of statistical power to detect the minimum
difference in peak latencies. With the final sample size of 85, the minimal detectable difference
in APLs we would be able to detect was 0.144 msec, 0.195 msec, 0.202 msec for APL I, III, and
V, respectively, and the minimum detectable difference in IPLs would be 0.185 msec, 0.165
msec, and 0.233 msec, respectively (based on 30% of cord ferritin 11-75 μg/L and 70% of cord
ferritin > 75 μg/L). However, the actual degree of difference in peak latencies observed in this
study between the two groups was smaller than the expected difference, thus larger study sample
would be needed.
Although we observed no significant impact of low Fe status on ABR outcomes, there
was an expectedly high prevalence of anemia and low iron status among these otherwise healthy
term neonates. This finding warrants further attention given the negative behavioral and
neurocognitive consequences that have been increasingly linked to ID [21]. A recent study using
a rat model showed that offspring exposed to suboptimal Fe levels during gestation exhibited Fe
depletion in the central nervous system in the absence of fetal anemia [22]. Furthermore, this
study illustrated that the normal maturational changes in axonal diameter were compromised in
the Fe deficient offspring [22]. At present, little is known regarding possible neuro-structural
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changes that may be associated with ID in the human fetus and more data are needed to fully
understand the role of iron in brain development and function. Although the ABR test is
commonly used in clinical settings due to the noninvasive nature of this testing, other human
data derived from neuroimaging may also allow further study of the impact of ID on
neurodevelopment.
In this study, we observed significantly longer wave latencies of APL V and IPL I-V
among early-term newborns compared to full-term and late-term neonates. Our observation of a
delayed ABR maturation among early-term neonates is consistent with a growing body of
evidence indicating that early-term neonates are at higher risk of non-optimal developmental
outcomes compared to infants born at 39 weeks GA or later [23-25]. Given the predictive value
of neonatal IPL I-V on language development at 3 years of age found among preterm infants [8],
our data points to a need for further research to assess subsequent neurodevelopmental outcomes
in early term neonates. Consistent with our findings of gender differences in ABR outcomes,
longer wave latencies in males compared to females have been previously reported in full-term
neonates [26]. The effect of gender on ABR outcomes has been attributed to the larger head size
and the concomitant longer auditory neural pathways of males compared to females [27, 28] and
to the better hearing sensitivity of females [29].
In summary, our study did not detect a consistent association between lower iron status at
birth and impaired maturation of auditory myelination ABR outcomes in healthy term-neonates.
However, early-term births were associated with longer ABR measures indicative of less mature
ABR development, and female newborns exhibited more mature ABR outcomes regardless of
iron status. Additional follow-up studies evaluating subsequent cognitive ability in childhood and
school-age years of the neonates born at 37 or 38 weeks of gestation may provide information on
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whether neurophysiological outcomes measured by ABR during the neonatal period would
provide information on neurocognitive outcomes.
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CHAPTER 6

SUMMARY AND FUTURE DIRECTIONS
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Key Findings and Implications

This research was undertaken to describe iron (Fe) status among pregnant adolescents
and their newborns and to examine potential relationships between neonatal Fe endowment at
birth and neurophysiological outcomes. The first three specific aims of this doctoral research
were completed and are discussed in depth in chapters two through four. This final chapter will
summarize the main findings of each specific aim, discuss the implications of the findings, and
propose ideas for future research.
The first specific aim was designed to describe maternal dietary intake across pregnancy
and to determine the degree to which prenatal supplement use compensated for dietary deficits in
this group of pregnant adolescents. In these adolescents, 78% and 32% of teens consumed
excessive amounts of saturated fat ( ≥ 10% of total caloric intake) and added sugar ( > 20 % of
total caloric intake), respectively. When average intakes were assessed in relation to the EAR,
the average daily nutrient intake level to meet the requirement of half of the healthy individuals
in a particular life stage and gender group, more than 70% of the surveyed teens had intakes
below the EAR for Fe (76%), Ca (73%), Mg (88%) and vitamins E (95%) and D (92%). For all
other micronutrients examined in this study, the prevalence of inadequate intake was less than
50%. Because EAR is an estimated amount of nutrients to fulfill the needs for only the half of
the population, it is expected that for the remaining 50% of the population this level may be set
either higher or lower than an individual’s actual dietary requirement. In other words, this would
result in an overestimate or underestimate of the prevalence of inadequate intakes in 50% of the
population. Nonetheless, applying EAR in our assessment allowed identifying the nutrients with
the highest deficits from diet, which warrants increased nutritional education targeted for those
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who have intakes below this level.
Use of prenatal supplement is one way to help bridge the dietary deficits and the EAR. In
this cohort, more than half of the adolescents surveyed self-reported taking a prenatal or pediatric
supplement on a daily basis, and this contributed to meeting the EAR for Fe, vitamin E and
vitamin D. However, the prevalence of dietary inadequacy for Ca and Mg remained > 50% as
neither the prenatal nor the pediatric supplement contained sufficient amounts of Ca and Mg to
compensate for the observed dietary deficits. This re-emphasizes the needs for targeted
nutritional interventions for Ca and Mg, nutrients of concern as use of prenatal supplement
would not be sufficient to meet the needs by itself.
These findings have highlighted the need to identify acceptable dietary sources of these
nutrients and to promote ways of incorporating these into the teen mother’s diet and to promote
nutritional education among this high risk pediatric group. The longitudinal dietary data from
this study also found that dietary intake did not change significantly across pregnancy. This
implies that early dietary assessment in this population may allow for appropriate targeting and
interventions to modify intakes of nutrients of concern.
The second aim of this study was designed to assess the prevalence of anemia and iron
deficiency (ID), and to examine longitudinal changes in Fe status across pregnancy.
Relationships between Fe status indicators, hepcidin, and inflammatory indicators were also
explored. In the cohort as a whole, the prevalence of anemia increased approximately 5 fold from
the 2nd trimester (5%) to the 3rd trimester (24%). Hemoglobin concentrations differ among races
with African Americans consistently having lower Hb concentrations than Caucasians.
Additionally, African Americans exhibit increased risks for anemia, prematurity and LBW
compared to other races. Although the cause of racial disparity in Hb concentrations is unknown,
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disparities with respect to Hb concentrations and associated pregnancy outcomes are not usually
considered in the management of anemia in pregnancy. Given the disproportionately higher rates
of teen pregnancy in African-Americans, and the role of maternal Hb concentrations in the
development of adverse pregnancy outcomes, examining the optimal ranges of Hb concentration
that contribute to healthy pregnancy is an area that warrant further studies. This would facilitate
establishing guidelines on the definitions of “normal ” Hb status among different races and the
management of anemia in pregnancy.
A similar pattern of increasing prevalence of ID was evident between the 2nd and 3rd
trimester as detected by sTfR (> 8.5 mg/L; 5.1% to 10.9%) and ferritin (< 12.0 µg/L; 22.2% to
34.8%). However, a significant rise in mean ferritin concentration was observed at delivery
compared to the measurement obtained during the 3rd trimester. In particular, half of the teens
with both mid-gestation (~26 wks gestation) and delivery measures of ferritin exhibited greater
than a 15% increase in these values from mid-gestation to delivery in the face of declining Fe
status based on other Fe status indicators (Hb and sTfR). Given that ferritin is an acute-phase
protein, this increase was explained at least in part by the observation that inflammatory marker
concentrations (CRP, serum hepcidin, IL-6) were significantly greater at delivery compared to
mid-gestation. Among those who exhibited greater than a 15% increase in ferritin concentrations
from mid-gestation to delivery, the proportion of variance in ferritin explained by hepcidin and
IL-6 was 4.3-times larger compared to teens who did not exhibit these increases, or to those
whose ferritin concentrations decreased from the third trimester to delivery. This finding
underscores the need to account for inflammation when assessing maternal Fe status at delivery,
given that delivery is a time of heightened inflammation.
Various methods have been suggested in the literature in search for the most optimal
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method to interpret Fe status in the presence of inflammation. Using higher cut-offs for ferritin
than the WHO criteria, evaluating multiple hematological indicators, regression analysis against
inflammatory markers (CRP, AGP), or adjusting ferritin concentrations with correction factors
have been studied, however not one methods is exclusively suitable and even less is known
regarding the most proper methods in healthy pregnant populations.
Among the panel of Fe status indicators measured in this study, maternal EPO was a
robust predictor of maternal Hb concentrations across pregnancy and at delivery. Additionally,
EPO was significantly correlated with ferritin, sTfR, TBI and serum Fe at both mid-gestation and
at delivery, but was not associated with IL-6 at either time point. These data highlight the clinical
relevance of EPO as an indicator of maternal Fe status at a time of heightened inflammation in a
population that does not have high risk of other causes of anemia. Our findings underscore that
EPO would contribute in identifying those at risk of low iron status that would otherwise not be
detected based on only a single indicator. It would be particularly helpful in identifying those
with low Fe stores when blood draws are conducted in those with heightened inflammation, as
their Fe stores might not be appropriately assessed if based on ferritin alone. To strengthen the
utility of EPO as a clinical indicator to assess Fe status in pregnancy, further studies are needed
in evaluating the sensitivity and specificity of EPO and determining cutoffs that would identify
anemia and ID in relation to other Fe status indicators.
The third specific aim was to characterize Fe status in the term neonates born to these
pregnant adolescents and to identify determinants of neonatal Fe stores at birth. Neonatal anemia
(cord blood Hb concentration < 13.0 g/dL) was evident in 23% of these newborns, and onefourth of the neonatal cohort had insufficient Fe stores (ferritin < 76 µg/L). These percentages
were more than two-times higher when compared to Fe insufficiency estimated among other
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neonatal populations born to pregnant women. To our knowledge this is the first study that
examined the neonatal Fe status in those born to pregnant adolescents only. Our findings that
nearly quarter of the newborns were already experiencing anemia and low Fe stores at birth is
alarming, as these conditions were already developed in utero. Although it is difficult to measure
the exact length of fetal exposure to Fe deficiency in utero, the significant associations of
neonatal Fe status and maternal Fe status assessed at mid-gestation (26.1 ± 3.5 weeks gestation)
conveys that neonatal iron insufficiency could be detected as early as mid-gestation in mothers
with diminished Fe stores.
Maternal ferritin at mid-gestation was significantly positively related to neonatal Fe
stores at birth, and neonates born to mothers with ID at mid-gestation had on average 34% lower
ferritin stores. These findings highlight the need for more rigorous screening for maternal Fe
status particularly in high risk groups (adolescents, African-Americans, low-income, and those
enrolled in public health programs) from early gestation to provide a sufficient window of
opportunity to enhance maternal and possibly fetal Fe stores by increasing maternal Fe intake
through diet or prenatal supplementation. Intervening at key windows of gestation may have
clinical implications for the growing fetus as the timing of maternal ID has been linked to fetal
brain development using animal models.
Our findings of the high prevalence of anemia and low iron stores observed in this group
of term-neonates calls for early screening and subsequent interventions targeted at this
vulnerable group. However, at this time there is not enough evidence of the cost-effectiveness of
screening otherwise healthy term-neonates, which is essential for development of public policies.
More research is needed to evaluate the direct costs of screening (costs of screening lab tests and
early treatment) and outcomes associated with lack of screening that may be irreversible (costs of
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neurocognitive delays associated with untreated iron deficiency). Additionally, at present little is
known what is considered as “normal” for neonatal iron status as normative iron status data are
lacking. This is an area requiring urgent attention and larger data on neonatal iron status are
needed to facilitate implementation of effective screening and treatment criteria.
The fourth aim of this study was to examine the impact of neonatal Fe status on Auditory
Brainstem Response (ABR) outcomes. When ABR outcomes were examined by comparing the
tertile groups for each Fe status indicator, there were no consistent relationships between lower
Fe status and longer APLs and IPLs, after controlling for gestational age, gender, and time
interval (hours) between birth and ABR testing. Our study did not show the hypothesized
relationship between low Fe status and prolonged ABR peak latencies. However, our study was
not without limitations as we were not powered to detect the minimal detectable difference in
peak latencies as a function of low Fe status. We were also limited in capacity to find a clear cutoff of Fe status indicators that indicates a level below which reflective of prolonged peak
latencies. To confirm if the lack of significance was due to the diminished statistical power, more
data with larger sample sizes of neonates are needed to fully understand the impact of Fe
endowment at birth on neurophysiological functions.
Additionally, we cannot rule out the possibility that ABR was not sufficiently sensitive to
detect the neurophysiological functions in this population, and that it might not be the best tool to
detect the brain functions in this population. In spite of the lack of difference in neural
conduction time, difference in neuro structural development and brain Fe content may still exist,
and little human data is available regarding how brain maturation progress as a function of Fe
status in utero. As brain maturation involves a complex sequence of morphological and
organizational changes, imaging techniques could provide means to detect these changes that
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would otherwise not be detected by neurophysiological studies.

Future Directions
This study provides data on dietary intake and supplement use in pregnant adolescents.
Continued assessment of dietary intake and reinforcement of healthy eating strategies are needed
in this population, as our findings indicated suboptimal dietary intakes during pregnancy. While
teen mothers may be aware of the general need to consume a healthy diet to promote fetal
growth and development, they may not be aware of specific nutrients and their impact on
pregnancy outcomes and they may not know which foods provide rich sources of these nutrients.
Other issues pertaining to pregnant adolescents’ diet include frequent snacking of foods high in
sugar and low in nutritional value and heavy reliance on convenience foods and fast foods. It is
also important to note that some pregnant adolescents may not have a stable and continuous food
supply. Further research is needed to identify the barriers and motivators of healthy eating and
explore interventions that focus on a food-based approach, such as educating food choices on
fortified foods and expanding dietary diversity. Consideration of living circumstances,
socioeconomic status, family lifestyle, and cultural variation is important when developing
strategies for optimal individualized diet plans as these factors can greatly influence what
individuals consume. Qualitative research aimed at collecting more in-depth information on teen
mothers’ nutrition knowledge and beliefs, and understanding behavioral strategies regarding
dealing with eating triggers and goal setting will also be of importance towards improving diet
quality in this population.
Our findings show that Fe intake from both diet and self-reported prenatal supplement
use had a significant impact on maternal Fe status, implying the potential advantages of both
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food-based approaches and supplementation-focused approaches. Bioavailability of Fe should be
considered in both approaches, as two forms of Fe (heme and non-heme iron) exist that differ in
their intestinal absorption efficiency. While differences are evident between heme and non-heme
Fe, little is known regarding heme Fe consumption from food and associated nutrient intakes in
pregnancy. Dietary sources of heme Fe (red meat, fish, and poultry) may be more expensive
compared with foods rich in non-heme Fe, which may limit the availability of heme Fe-rich
foods for teens living in low-income environments. Observational studies on food choices and Fe
status in this group would provide important information on the main food sources and content
of heme vs. non-heme Fe that is present in a typical diet, and determine the differential impact of
heme vs. non-heme on Fe status. Iron supplements also exist in both heme and non-heme Fe
forms, however little is known regarding the differential impact of heme vs. non-heme Fe-based
supplements on Fe status. Follow up intervention studies may help elucidate the impact of
different forms of supplemental Fe on maternal Fe status.
In regards to assessing maternal Fe status, our findings validate the importance of
measuring biomarkers of inflammation as part of Fe status assessment. While CRP is a common
inflammatory marker that is measured in many studies, there are numerous markers of
inflammation that could be measured in addition to CRP. Future research on how the acute phase
proteins (hepcidin, ferritin) and other inflammatory markers respond to the onset of
inflammation during parturition would further help in determining specific correction factors.
Use of these correction factors, or modification of cut-off values to define ID when inflammation
is present would help adjust for the effects of inflammation when evaluating Fe status.
Our findings suggest that significant associations exist between maternal Fe stores and
neonatal Fe stores. Given that this relationship was already evident at mid-gestation in this

167

cohort of pregnant adolescents, this provides time for improvements in maternal diet and Fe
status to augment neonatal Fe stores in similar populations. The consequences of maternal
anemia and ID at different stages of pregnancy on developmental outcomes of the offspring
warrants further research, as nutritional insults at varying stages of pregnancy may lead to
negative health outcomes, such as impaired brain development in the offspring. The best
approach for the screening and diagnosis of ID in the pregnant woman and her newborn warrants
further study to ensure optimal Fe status in both mothers and their offspring.
Another notable finding of this study was that neonatal Fe stores did not increase across
the last 3-5 weeks of gestation among term-newborns. This may be partly related to the placental
Fe transport capacity. While both maternal and fetal hepcidin may determine the degree of
placental Fe transfer, the relative contribution of maternal versus fetal hepcidin to the regulation
of placental Fe transport during pregnancy is unknown. Future studies should examine the effects
of maternal and fetal hepcidin on placental expression of Fe transport proteins, including both
heme and non-heme Fe transporters.
Our study did not detect a consistent association between neonatal Fe status at birth and
ABR outcomes in term-neonates. However, given the strong biological link between Fe and
brain development, this is an area that warrants additional research. Future studies that consider
both Fe stores at birth and external sources of Fe through supplementation on subsequent
neurophysiological outcomes in term newborns would provide opportunities to evaluate the
benefit of Fe supplementation in promoting neural myelination, especially in those born early
term. Follow up studies linking the neurophysiological outcome data at birth with subsequent
cognitive and behavioral outcomes in childhood and school-age years would help identify if
auditory neural myelination could be used as a surrogate to identify those at risk of less advanced
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development.
Little information is available on the nutritional status of teen mothers during the
postpartum period because teen mothers have little contact with the health care system after
delivery and many teens miss postpartum checkups. The pregnancy to the postpartum period is a
key transition event that may significantly impact teens’ dietary quality given the challenges of
adjusting to life with a newborn. Although this may be perceived as a stressful time to initiate
change, it may serve as a window of opportunity for teen mothers to receive guidance about their
nutrition. Studies aimed at examining longitudinal changes in dietary quality and behavior during
the postpartum period are also needed, as nutrient requirements change further beyond
pregnancy, and a poor postpartum diet may lead to inadequate preconception diet for subsequent
pregnancies.
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APPENDICES
AUDITORY BRAINSTEM RESPONSE STUDY DATA COLLECTION
AND PARTICIPANT CONSENT FORM
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Appendix 1. Maternal Socio-demographic and Health History Questionnaire
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Appendix 2. Maternal 24-hour Dietary Recall Questionnaire
ABR Study 24 Hour Recall
Subject Number

Subject Name

DOB

Date:_____________
Time:________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
Was yesterday was a typical eating day for you:

□Yes

If no, was this more or less food than you typically eat?

□No

□More

□Less

Do you have any non-food cravings?
_____________________________________________________________________________
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Appendix 3. Prenatal Supplement Use Questionnaire
Auditory Brainstem Response Study
Prenatal Supplements
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Auditory Brainstem Response Study
Prenatal Supplements
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Appendix 4. Newborn Birth Outcomes Questionnaire
Auditory Brainstem Response Study
Baby Data Form
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Appendix 5. Auditory Brainstem Response Study Participant Consent Form
(for adolescents ages 13 – 14)
Youth Assent Form
Ages 13 - 14

Study Title: Impact of Maternal Iron Status on Neonatal Iron Status
and Auditory Brainstem Response in the Newborn
Principal Investigators: Ronnie Guillet, M.D., PhD, Kimberly O’Brien, PhD
Co Investigators: Thomas McNanley, M.D., Elizabeth Cooper, CNM, EdD, FACNM,
Eva Pressman, M.D.
Introduction
This form tells about a research study that we are asking you to be in. We are
asking you to be in this study because you are pregnant and 18 years of age or
younger and are healthy.
Purpose of Study
The reason for the study is to learn more about how the amount of iron in your
body affects the amount of iron in your newborn baby, and how that relates to
the baby’s hearing.
Description of Study Procedures
Being in this study is up to you. You don’t have to be in this study. If you start it
you can stop any time you want. If you are in the study for the whole time, from
beginning to end, the study will start when you enter the hospital to have your
baby and it will take about 2 days to complete.
In this study at one point in your pregnancy we will:
 Ask you questions about what you eat, how you choose what to
eat and if you take any vitamins/ minerals during pregnancy.
 Ask you questions about how often you use drugs or alcohol and
questions about your pregnancy.
 When your baby is born we will take a small amount of blood from
your arm. Before the blood is taken, the nurse will ask you if you
want some special cream to be put on your arm to make it hurt less.
 See how much your baby weighs and how long he/she is.
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After your baby is born, the baby’s afterbirth (called the placenta)
comes out. The placenta is usually thrown away. Before it is thrown
away we will take some blood and pieces of the placenta. This will
help us to learn more about how the placenta sends food to your
baby when you were pregnant.
Before you and your baby leave the hospital we would also like to
measure your baby’s hearing to see how well he/she hears sounds.
This test takes about 30-40 minutes to complete and does not hurt.

Risks of Participation
There are no known risks to your baby from the collection of the placental
samples and cord blood at delivery. The hearing test your baby will have is not
believed to cause any risk and is not painful.

Benefits of Participation
There is no additional health benefit provided by the hearing screening in your
baby. If we find out that your baby has too little iron we will tell your baby’s
doctor right away.
Contact Persons
If you have any questions about the study please call: Hannah Stillings in the
RAMP clinic at (585) 275-2962 or Ronnie Guillet at (585) 275-2972 or Kimberly
O’Brien at (607) 255-3743.
If you have any questions about your rights as a research subject, or any
concerns or complaints, you may contact the Human Subjects Protection
Specialist at the University of Rochester Research Subjects Review Board, Box
315, 601 Elmwood Avenue, Rochester, NY 14642-8315, Telephone (585) 276-0005,
for long-distance you may call toll-free, (877) 449-4441. You may also call this
number if you cannot reach the research staff or wish to talk to someone else.
You may also contact the Cornell University Committee on Human Subjects
(UCHS) at 607-255-5138, or via the web at;
http://www.osp.cornell.edu/Compliance/UCHS/homepageUSHS.htm.
Voluntary Participation
Whether or not you take part in this study is up to you. You don’t have to take
part and you can stop any time, for any reason. If you decide to stop it won’t
change any other part of your care. If you do decide to stop we will not tell
other people about the information we have collected. You don’t have to take
part in this study, even if your parents want you to.
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Signature/Dates
I have read this form (or had it read to me).
answered. I agree to be in this study.

If I had questions they were

Study Subject: ____________________________________

Print Name

Study Subject: ____________________________________

Signature

____________________ Date
Person Obtaining Assent:
I have read this form to the subject and/or the subject has read this form. An
explanation of the research was given and questions from the subject were
solicited and answered to the subject’s satisfaction. I have given the subject
adequate opportunity to read the consent before signing. In my judgment, the
subject has demonstrated comprehension of the information.
_________________________________________________

Print Name and Title

_________________________________________________

Signature

___________________

Date
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Appendix 6. Auditory Brainstem Response Study Parent Permission Form
(for adolescents ages 13 – 14)
Parent Permission Form

Study Title: Impact of Maternal Iron Status on Neonatal Iron Status
and Auditory Brainstem Response in the Newborn
Principal Investigators: Ronnie Guillet, M.D., PhD, Kimberly O’Brien, PhD
Co Investigators: Thomas McNanley, M.D., Elizabeth Cooper, CNM, EdD, FACNM,
Eva Pressman, M.D.
Introduction
This consent form describes a research study and what you may expect if your
child decides to participate. Please read this form carefully and to ask the
person who presents it any further questions you may have before making your
decision whether or not to participate.
This study is being conducted by Ronnie Guillet MD, PhD from the University of
Rochester’s Department of Neonatology and by Thomas McNanley MD, Beth
Cooper CNM, EdD Eva Pressman MD and Kimberly O’Brien PhD, of the University
of Rochester’s Department of Obstetrics and Gynecology and Highland
Hospital’s Department of Obstetrics and Gynecology. Kimberly O’Brien is also on
the faculty at Cornell University.
Your child is being asked to participate in this study because she is pregnant
and 14 years of age or younger.
Purpose of Study
Iron is found in the foods we eat such as meat and green leafy vegetables. Too
little iron in the body is called anemia. Teenage girls are at risk for becoming
anemic because extra iron is needed for normal adolescent growth. When
teenagers become pregnant they need even more iron for pregnancy and the
developing baby. Too little iron in the diet might cause teenage girls to lose
energy and may increase the risk of problems for the mother and baby during
pregnancy such as low birth weight and premature birth.
The purpose of the study is to learn more about iron status in pregnant teens and
about how the amount of iron present in the mother affects how much iron is
present in her baby at birth. New research also links iron status in babies and
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children with brain function and learning. Hearing may be a marker of brain
function that can be easily measured in newborn babies. This study will
examine how your daughter’s iron status affects iron status and hearing in her
newborn baby.
Description of Study Procedures
If your daughter decides to participate in this study she will be asked some
questions to see how healthy she is. We will also look in her medical chart to
learn more about how healthy she is and to learn more about her pregnancy.
We will ask her some questions and if your daughter agrees to participate we will
collect some samples from her when her baby is born and before she leaves the
hospital after her baby is born. If she agrees to participate we will:
 Ask her questions about what she eats, how she decides what to
eat and if she takes any prenatal supplements or vitamins/ minerals
during pregnancy.
 Ask her questions about how often she uses drugs or alcohol and
questions about her pregnancy
If she wants to participate in this study, her medical chart will have a sticker put
on it. The sticker will let the doctors and nurses know that they should call us after
she goes into labor and before her baby is born.
When she enters the hospital to have her baby we will:









Collect a sample of her blood (3 teaspoons). This extra blood
sample will be drawn at the same time as a blood sample is
normally taken when a woman enters the hospital to have her
baby. We will use this sample to measure how much iron she has in
her blood and other hormones and proteins that her body uses to
regulate iron status.
Record the birth weight and birth length and other health
information on her baby from the baby's medical chart.
After the baby is born, the baby's afterbirth (called the placenta)
comes out. The placenta is usually thrown away. Before it is thrown
away we will take some pieces of the placenta. This will help us to
learn more about how the placenta sends nutrients to the baby
during pregnancy.
We will also take some blood from the cord of the placenta (2-3
teaspoons.). This cord blood sample will tell us about the amount of
iron and iron related nutrients and hormones that her baby has
when he/she is born.
We will keep all the blood samples until the entire sample has been
used to measure nutrients.
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After your daughter’s baby is born and before she returns home from the
hospital the baby is normally given a hearing test as required by the State of
New York. We would like to give her baby an additional hearing test before
he/she goes home from the hospital that provides more detailed information on
how the baby hears sounds. This test is called an auditory brainstem response or
ABR. For this test your daughter’s baby will have small sensors placed on their
head and shoulder. After these are placed a sound will be made and we will
be able to measure how the baby responds to this sound. This test will not hurt
the baby and takes about 30-40 minutes to complete. You and/or your
daughter can stay in the room while the test is being done if you would like to
watch.
Number of Subjects: We plan to recruit a total of 140 adolescents to volunteer
for this research study.
Risks of Participation
There are no known risks from the collection of the placental samples and cord
blood at delivery. A total of 4 teaspoons of blood will be taken when your
daughter enters the hospital. She may get a bruise and it may hurt a bit when
the blood sample is taken. Some people feel lightheaded or faint when their
blood is drawn. There is also a rare risk of infection. The samples of the placenta
are collected after the baby is born and will not cause any risk to the baby.
The ABR test that your daughter’s baby will receive is not known to cause any risk and is not
painful.

Benefits of Participation
We will tell you and your daughter’s primary care provider if we find that your
daughter is anemic and we will notify you and the baby’s pediatrician if we find
that your daughter’s baby is anemic. There is no additional health benefit
provided by the hearing screening. If the hearing test results are abnormal we
will tell you, your daughter’s obstetrician and the baby’s pediatrician right away.
Alternatives to Participation
Your daughter does not have to participate in this study if she does not want to.
Her decision not to join this study will not affect the health care she receives at
Highland Hospital or elsewhere.
Payments
For participating in this study when your daughter’s baby is born she will receive;
 A digital picture of herself and her baby. The picture is a gift and
will not be saved or used for other research purposes.
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A gift card for $20.00 from Walmart will be given to your daughter
on the day her baby has the ABR test completed. If your daughter
agrees to complete the study but her baby is unable to have the
ABR test because of other medical complications we will still
provide her with this $20.00 gift card.

Sponsor Support
The University of Rochester is receiving payment from the United States
Department of Agriculture for conducting this research study.
Confidentiality of Records and HIPAA Authorization
While we will make every effort to keep information we learn about your
daughter private, this cannot be guaranteed. Other people may need to see
the information. While they normally protect the privacy of the information, they
may not be required to do so by law. Results of the research may be presented
at meetings or in publications, but your name will not be used.
The federal Health Insurance Portability and Accountability Act (HIPAA) requires
us to get your permission to use health information about your daughter that we
either create or use as part of the research. This permission is called an
Authorization. We will use;
 Demographic information (where your daughter lives, her phone number,
etc.)
 Information on your daughter’s height, weight and previous pregnancies
 Dietary information and information on supplement use over pregnancy
 Self-reported drug and alcohol use and use of cigarettes
 Current use of medications and prescription drugs
 Diagnosis of any pregnancy complications or health problems
 Test results on hemoglobin and routine tests drawn across pregnancy
 The place where your daughter was seen
 The name of your daughter’s physician
 The medical records of your daughter’s newborn
We will use this health information to conduct the study and to determine how
your daughter’s health status and other medical care issues that are happening
during her pregnancy might be influencing the iron status of her baby. Health
information is used to report results of research to sponsors and federal
regulators. The health information collected may be audited to make sure we
are following regulations, policies and study plans. URMC/Strong Health policies
let you see and copy health information we have gathered for this research
study after the study ends, but not until the study is completed. If you have
never received a copy of the URMC/ Strong Health HIPAA Notice of Privacy
Practices, please ask the investigator for one.
184

To meet regulations or for reasons related to this research, the study investigator
may share a copy of this consent form and records that identify you with the
following people. The University of Rochester; the Department of Health and
Human Services; the United States Department of Agriculture, Cornell University,
University of Rochester, Highland Hospital, and your primary care provider.
If you decide to take part, your Authorization for this study will not expire unless
you cancel (revoke) it. The information collected during your participation will
be kept indefinitely. You can always cancel this Authorization by writing to the
study investigator. If you cancel your Authorization, you will also be removed
from the study. However, standard medical care and any other benefits to
which you are otherwise entitled will not be affected. Canceling you
Authorization only affects uses and sharing of information after the study
investigator gets your written request. Information gathered before then may
need to be used and given to others.
As stated in the section on Voluntary Participation below, you can also refuse to
sign this consent/Authorization and not be part of the study. You can also tell us
you want to leave the study at any time without canceling the Authorization. By
signing this consent form, you give us permission to use and/or share your health
information as stated above.
Contact Persons
For more information concerning this research, please contact: Sarah Caveglia
in the RAMP clinic at (585) 275-2962 or Ronnie Guillet at (585) 275-2972 or
Kimberly O’Brien at (607) 255-3743.
If you have any questions about your rights as a research subject, or any
concerns or complaints, you may contact the Human Subjects Protection
Specialist at the University of Rochester Research Subjects Review Board, Box
315, 601 Elmwood Avenue, Rochester, NY 14642-8315, Telephone (585) 276-0005,
for long-distance you may call toll-free, (877) 449-4441. You may also call this
number if you cannot reach the research staff or wish to talk to someone else.
You may also contact the Cornell University Committee on Human Subjects
(UCHS) at 607-255-5138, or via the web at;
http://www.osp.cornell.edu/Compliance/UCHS/homepageUSHS.htm.
Voluntary Participation
Participation in this study is voluntary. Your daughter is free not to take part or to
stop at any time, for whatever reason, without risking loss of present or future
care she would otherwise expect to receive. In the event that you do withdraw
your child from this study, we will keep the information we have collected
confidential.
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Future Studies
We may want to contact your daughter in the future regarding this study or to
see if you and/or your daughter would be interested in participating in future
studies to see how iron status in the baby at birth influences his or her
development. At this time, you may decide whether or not you want to be
contacted. If and when you are contacted you may decide if you and/or your
daughter want to participate in any of the other studies and will sign another
consent form to participate in those studies. Your decision regarding future
contacts will not affect your participation in this study.
Please check one:
Yes, I agree to allow my daughter to be contacted in the future
regarding this study or future studies.
NO, my daughter may not be contacted in the future.
Blood Samples for DNA
If it is okay with you, we would also like to collect white blood cells from your
daughter’s blood so that we can screen for DNA and genes involved in how the
body uses iron. The samples may be used to help identify genetic factors that
influence how the body uses nutrients and to understand how these may be
related to differences in iron status and risk of anemia. The samples will not be
sold or used directly for the production of commercial products. They will be
kept in a locked lab. Reports about future research done with the sample will
NOT be kept in your health records, but the sample reports may be kept with
study records or in other secure areas.
You can decide if you want your daughter’s sample to be used for this type of
research. Your decision can be changed at any time by notifying the study
doctor in writing. Your decision about your daughter’s sample will not affect her
participation in this study or other studies.
Please check one:
YES, you may use my daughter’s blood sample for the DNA studies
described above.
NO, you may not use my child’s sample for the DNA studies described
above.
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Parental Permission Signature/Dates
I have read (or have had read to me) the contents of this consent form and
have been encouraged to ask questions. I have received answers to my
questions. I agree to allow my daughter to participate in this study. I have
received a signed copy of this form for my records and future reference.
Parent/Guardian: ____________________________________

Print Name

Parent/Guardian: ____________________________________

Signature

Study Subject: _________________________________________
_________________

Date

Person Obtaining Consent
I have read this form to the subject and/or the parent/guardian has read this
form. I will provide the subject and parent/guardian (if present) with a signed
copy of this consent form. An explanation of the research was given and
questions from the subject were solicited and answered to the subject’s
satisfaction. I have given the parent/guardian adequate opportunity to read
the consent before signing. In my judgment, the subject has demonstrated
comprehension of the information.
_________________________________________________

Print Name and Title

_________________________________________________

Signature

___________________

Date

187

Appendix 7. Auditory Brainstem Response Study Participant Consent Form
(for adolescents ages 15 – 18)
Consent Form
Ages 15 - 18

Study Title: Impact of Maternal Iron Status on Neonatal Iron Status
and Auditory Brainstem Response in the Newborn
Principal Investigators: Ronnie Guillet, M.D., PhD, Kimberly O’Brien, PhD
Co Investigators: Thomas McNanley, M.D., Elizabeth Cooper, CNM, EdD, FACNM,
Eva Pressman, M.D.
Introduction
This consent form describes a research study and what you may expect if you
decide to participate. You are encouraged to read this consent form carefully
and to ask the person who presents it any further questions you may have
before making your decision whether or not to participate.
This study is being conducted by Ronnie Guillet, MD, PhD from the University of
Rochester’s Department of Neonatology and by Thomas McNanley MD, Beth
Cooper CNM, EdD Eva Pressman MD and Kimberly O’Brien PhD, of the University
of Rochester’s Department of Obstetrics and Gynecology and Highland
Hospital’s Department of Obstetrics and Gynecology. Kimberly O’Brien is also on
the faculty at Cornell University.
You are being asked to participate in this study because you are pregnant and
18 years of age or younger.
Purpose of Study
Iron is found in the foods we eat such as meat and green leafy vegetables. Too
little iron in the body is called anemia. Teenage girls are at risk for getting
anemia because extra iron is needed for normal adolescent growth. When
teenagers become pregnant they need even more iron for pregnancy and the
developing baby. Too little iron in the diet might cause teenage girls to lose
energy and may increase the risk of problems for the mother and baby during
pregnancy such as low birth weight and premature birth.
The purpose of the study is to learn more about iron status in pregnant teens and
about how the amount of iron present in the mother affects how much iron is
present in her baby at birth. New research also links iron status in babies and
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children with brain function and learning. Hearing may be a marker of brain
function that can be easily measured in newborn babies. We would also like to
measure how the iron status of you and your baby is related to how well your
baby hears when he/she is born.
Description of Study Procedures
If you decide to participate in this study you will be asked some questions to see
how healthy you are. We will also look in your medical chart to learn more
about how healthy you are and to learn more about your pregnancy. If you
decide to participate in this study we will collect some samples from you when
your baby is born. We will also:
 Ask you questions about what you eat, how you decide what to eat
and if you take any prenatal supplements or vitamins/ minerals
during pregnancy.
 Ask you questions about how often you use drugs or alcohol and
questions about your pregnancy.
If you want to participate in this study, your medical chart will have a sticker put
on it. The sticker will let the doctors and nurses know that they should call us after
you go into labor and before your baby is born.
When you enter the hospital to have your baby we will;







Collect a sample of your blood (3 teaspoons). The extra blood
sample will be drawn at the same time as a blood sample is
normally taken from your arm when you enter the hospital to have
your baby. We will use this sample to measure how much iron you
have in your blood and other hormones and proteins that your
body uses to regulate iron status.
Record the birth weight and birth length and other health
information on your baby from your baby's medical chart.
After a baby is born, the baby's afterbirth (called the placenta)
comes out.
The placenta is usually thrown away. Before it is thrown away we
will take some pieces of the placenta. This will help us to learn more
about how your placenta sent nutrients to your baby while you
were pregnant.
We will also take some blood from the cord of the placenta (2-3
teaspoons). This cord blood sample will tell us about the amount of
iron and iron related nutrients and hormones that your baby has
when he/she is born.
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We will keep all the blood samples until the entire sample has been
used to measure nutrients.

After your baby is born and before you go home from the hospital your baby
normally is given a hearing test as required by the State of New York. We would
like to give your baby an additional hearing test before he/she goes home from
the hospital that provides more information on how your baby hears sounds. This
test is called an auditory brainstem response or ABR. For this test your baby will
have small sensors placed on their head and shoulder. After these are placed a
sound will be made and we will be able to measure how your baby responds to
this sound. This test will not hurt your baby and takes approximately 30-40
minutes to complete. You can stay in the room while the test is being done if
you would like to watch.
Number of Subjects: We plan to recruit a total of 140 adolescents to volunteer
for this research study.
Risks of Participation
There are no known risks from the collection of the placental samples and cord
blood at delivery. A total of 4 teaspoons of blood will be taken when you enter
the hospital. You may get a bruise and it may hurt a bit when the blood
sample is taken. Some people feel lightheaded or faint when their blood is
drawn. There is also a rare risk of infection. The samples of the placenta are
collected after the baby is born and will not cause any risk to your baby.
The ABR test that your baby will receive is not believed to cause any risk and is not painful.
Benefits of Participation
We will tell you and your primary care provider if we find that you are anemic
and we will notify you and your baby’s pediatrician if we find that your baby is
anemic. There is no additional health benefit provided by the hearing screening.
If the hearing test results are abnormal we will tell you, your obstetrician and the
baby’s pediatrician right away.
Alternatives to Participation
You do not have to participate in this study if you do not want to. Your decision
not to join this study will not affect the health care you receive at Highland
Hospital or elsewhere.
Payments
If you participate in this study when your baby is born you will receive:
 If you would like we will take a digital picture of you and your baby
for allowing the samples to be collected when your baby is born.
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The picture is a gift and will not be saved or used for other research
purposes.
A gift card worth $20.00 from Walmart will be given to you on the
day your baby has the ABR test completed. If you agree to
complete the study but your baby is unable to have the ABR test
because of other medical complications we will still provide you
with this $20.00 gift card.

Sponsor Support
The University of Rochester is receiving payment from the United States
Department of Agriculture for conducting this research study.
Confidentiality of Records and HIPAA Authorization
While we will make every effort to keep information we learn about you private,
this cannot be guaranteed. Other people may need to see the information.
While they normally protect the privacy of the information, they may not be
required to do so by law. Results of the research may be presented at meetings
or in publications, but your name will not be used.
The federal Health Insurance Portability and Accountability Act (HIPAA) requires
us to get your permission to use health information about you that we either
create or use as part of the research. This permission is called an Authorization.
We will use;
 Demographic information (where you live, your phone number, etc.)
 Information on your height, weight and previous pregnancies
 Dietary information and information on supplement use over pregnancy
 Self-reported drug and alcohol use and use of cigarettes
 Current use of medications and prescription drugs
 Diagnosis of any pregnancy complications or health problems
 Test results on hemoglobin and routine tests drawn across pregnancy
 The place where you were seen
 The name of your physician
 The medical records of your newborn
We will use your health information to conduct the study and to determine how
your health status and other medical care issues that are happening during your
pregnancy might be influencing iron status in you and your baby. Health
information is used to report results of research to sponsors and federal
regulators. The health information collected may be audited to make sure we
are following regulations, policies and study plans. URMC/Strong Health policies
let you see and copy health information we have gathered for this research
study after the study ends, but not until the study is completed. If you have
never received a copy of the URMC/ Strong Health HIPAA Notice of Privacy
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Practices, please ask the investigator for one.
To meet regulations or for reasons related to this research, the study investigator
may share a copy of this consent form and records that identify you with the
following people. The University of Rochester; the Department of Health and
Human Services; the United States Department of Agriculture, Cornell University,
University of Rochester, Highland Hospital, and your primary care provider.
If you decide to take part, your Authorization for this study will not expire unless
you cancel (revoke) it. The information collected during your participation will
be kept indefinitely. You can always cancel this Authorization by writing to the
study investigator. If you cancel your Authorization, you will also be removed
from the study. However, standard medical care and any other benefits to
which you are otherwise entitled will not be affected. Canceling you
Authorization only affects uses and sharing of information after the study
investigator gets your written request. Information gathered before then may
need to be used and given to others.
As stated in the section on Voluntary Participation below, you can also refuse to
sign this consent/Authorization and not be part of the study. You can also tell us
you want to leave the study at any time without canceling the Authorization. By
signing this consent form, you give us permission to use and/or share your health
information as stated above.
Contact Persons
For more information concerning this research, please contact: Hannah Stillings
in the RAMP clinic at (585) 275-2962 or Ronnie Guillet at (585) 275-2972 or
Kimberly O’Brien at (607) 255-3743.
If you have any questions about your rights as a research subject, or any
concerns or complaints, you may contact the Human Subjects Protection
Specialist at the University of Rochester Research Subjects Review Board, Box
315, 601 Elmwood Avenue, Rochester, NY 14642-8315, Telephone (585) 276-0005,
for long-distance you may call toll-free, (877) 449-4441. You may also call this
number if you cannot reach the research staff or wish to talk to someone else.
You may also contact the Cornell University Committee on Human Subjects
(UCHS) at 607-255-5138, or via the web at;
http://www.osp.cornell.edu/Compliance/UCHS/homepageUSHS.htm.
Voluntary Participation
Participation in this study is voluntary. You are free not to participate or to
withdraw at any time, for whatever reason, without risking loss of present or
future care you would otherwise expect to receive. In the event that you do
withdraw from this study, the information you have already provided will be kept
in a confidential manner.
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Future Studies
We may want to contact you in the future regarding this study or to see if you
and/or your child would be interested in participating in future studies to see
how your babies iron status at birth influences his or her subsequent
development. At this time, you may decide whether or not you want to be
contacted. If and when you are contacted you may decide if you and/or your
child want to participate in any of the other studies and will sign another
consent form to participate in those studies. Your decision regarding future
contacts will not affect your participation in this study.
Please check one:
YES, I may be contacted in the future regarding this study or future
studies.
NO, I may not be contacted in the future.
Blood Samples for DNA
If it is okay with you we would also like to collect white blood cells from your
blood so that we can screen for DNA and genes involved in how the body uses
iron. The samples may be used to help identify genetic factors that influence
how the body uses nutrients and to understand how these may be related to
differences in iron status and risk of anemia. The samples will not be sold or used
directly for the production of commercial products and will be kept in a locked
lab. Reports about future research done with the sample will NOT be kept in your
health records, but the sample reports may be kept with study records or in
other secure areas.
You can decide if you want your sample to be used for this type of research.
Your decision can be changed at any time by notifying the study doctor in
writing. Your decision about your sample will not affect your participation in this
study or other studies.
Please check one:
YES, you may use my blood sample for the DNA studies described above.
NO, you may not use my sample for the DNA studies described above.
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Signature/Dates
I have read (or have had read to me) the contents of this consent form and
have been encouraged to ask questions. I have received answers to my
questions. I agree to participate in this study. I have received a signed copy
of this form for my records and future reference.
Study Subject: ____________________________________

Print Name

Study Subject: ____________________________________

Signature

____________________

Date

Person Obtaining Consent
I have read this form to the subject and/or the parent/guardian has read this
form. I will provide the subject and parent/guardian (if present) with a signed
copy of this consent form. An explanation of the research was given and
questions from the subject were solicited and answered to the subject’s
satisfaction. I have given the subject adequate opportunity to read the
consent before signing. In my judgment, the subject has demonstrated
comprehension of the information.
_________________________________________________

Print Name and Title

_________________________________________________

Signature

___________________

Date
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