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Iron deficiency is the most widespread micronutrient deficiency globally, 

while elevated iron stores are also associated with an increased risk of adverse health 

outcomes. Iron homeostasis must be strictly maintained to ensure that adequate iron is 

available for metabolic functions and to avoid the toxicity that results from iron 

overload. The overall goal of this research was to investigate selected physiological 

(pregnancy), environmental (parasitic infections and iron supplementation) and 

genetic (ethnic differences in iron status) influences on iron homeostasis. 

Pregnancy places a significant strain on iron homeostasis. Surprisingly, there 

are very few longitudinal studies of hemoglobin concentrations across gestation and 

the norms that are used to define gestational anemia are based on limited evidence. To 

address a physiological determinant of iron homeostasis, this research provided a large 

normative analysis of determinants of maternal hemoglobin concentrations and 

identified factors associated with risk of maternal anemia in healthy U.S. pregnant 

women. Anemia was prevalent in otherwise healthy U.S. pregnant women even with 

the current universal iron supplementation recommendations. The existing CDC 

anemia cutoffs may overestimate the prevalence of anemia in late pregnancy based on 

our findings that were obtained in a significantly larger and more racially diverse 

population. Risk factors for anemia were identified as Black race, being underweight 

at entry into pregnancy, being multiparous or carrying a multiple birth pregnancy.  



 
 

Multiple environmental factors can influence iron status and risk of iron 

deficiency and iron deficiency anemia. Parasitic infections are one example of a 

common environmental factor that can cause anemia. To obtain more detailed 

information on the impact of parasitic infections and iron supplementation, stable iron 

isotopes were used to investigate iron absorption and change in erythrocyte iron 

isotope enrichment in a group of toddlers residing in a malaria and helminth endemic 

environment. Toddlers who received iron supplementation exhibited greater loss of 

erythrocyte iron isotope enrichment over time, which may be indicative of an increase 

in the size of the erythrocyte pool and increased erythropoietic drive due to the 

provision of iron among anemic or helminth infected toddlers. 

This study also summarized published literature on genetic determinants of 

iron status, characterized iron status in different ethnic populations, and statistically 

evaluated differences in iron status as a function of ethnicity using published data. A 

review of the literature identified multiple iron-related and non-iron related genes that 

have been associated with iron status. For the first time, these published data were 

used to statistically explore differences in iron status among various ethnic 

populations. East Asians had higher iron status compared to other racial groups yet 

this group also has the lowest prevalence of HFE mutations that are commonly 

associated with elevated iron stores. Future research using multidisciplinary 

approaches that consider physiological, environmental, and genetic factors is needed 

to better predict iron status at the individual and population level and to help develop 

the most effective interventions to maintain adequate iron status.   
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Specific Aims 

Iron is an essential trace element in almost all living organisms as it is required for a 

variety of metabolic and catabolic processes (1). Iron deficiency (ID) is the most widespread 

micronutrient deficiency, affecting an estimated 2.5 billion people worldwide (2,3). At the other 

extreme, iron excess is also detrimental to health as this leads to the generation of free radicals 

that can cause oxidative damage. Human epidemiological studies have documented that elevated 

iron stores are associated with an increased risk of developing type II diabetes (independent of 

inflammation) (4,5), cardiovascular disease (6,7), liver fibrosis, cancer (8–10), and 

neurodegenerative diseases (11,12). Iron balance must be strictly maintained to ensure that 

adequate iron is available for metabolic functions and to avoid the toxicity that results from iron 

overload.  

Unlike other essential micronutrients, iron is unique because there is no regulatable 

excretory pathway to eliminate excess iron once it has been absorbed. Thus, iron homeostasis in 

humans depends almost exclusively on the tight regulation of dietary iron absorption by 

enterocytes. There are three major factors that influence the regulation of iron homeostasis, 

namely environment, genetics and physiological state (Figure 1.1). 
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Figure 1.1 Three major factors that influence iron homeostasis. 

Physiological stages such as infancy, childhood, adolescence and pregnancy have a 

significant impact on iron homeostasis. Iron requirements change because of physical growth 

during childhood, increased physiological losses of iron in women due to menstrual blood loss, 

and due to the increased maternal and fetal iron demands of pregnancy. During pregnancy, 

physiologic iron demands increase substantially to support fetoplacental development and 

maternal adaptations to pregnancy.(13) Extremes of iron status during pregnancy (both maternal 

anemia and high hemoglobin (Hb) concentrations) have been reported to increase the risks of 

unfavorable birth outcomes such as small-for-gestational-age (SGA), preterm birth, and perinatal 

death (14). However limited normative data in healthy U.S. women with uncomplicated 

pregnancies are available to establish cut-offs for maternal Hb concentrations across pregnancy.  

Many environmental factors influence iron status. Among these, parasitic infections 

caused by malaria or geohelminths can lead to inflammation-mediated increases in serum 

hepcidin. This chronic increase in hepcidin leads to a sequestration of iron in macrophages and 

decreased intestinal dietary iron absorption, thereby increasing the risk of anemia (15). Another 
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important environmental factor that impacts iron status is iron intake from diet and/or 

supplements. Adequate dietary or supplemental iron can help ameliorate ID and iron deficiency 

anemia (IDA). However, there are situations where administration of supplemental iron can be 

detrimental. One example is the use of supplemental iron for children residing in malaria-

endemic areas (16). Studies conducted in malaria-endemic areas have found that untargeted oral 

iron supplementation increases the risk of contracting infectious diseases and led to increased 

mortality among preschool children (17,18). Evidence addressing mechanisms whereby helminth 

and malarial infections interact to impact iron absorption and response to supplemental iron 

treatment in affected children are not fully understood. To date little is known about iron 

absorption and utilization in children with mild chronic parasitic infections (19). In addition, the 

effects of oral iron supplementation on iron utilization and long-term iron metabolism in children 

residing in parasite-endemic areas is unknown. 

A third factor that influences the regulation of iron homeostasis is genetic background. 

To date only about 30% of the interindividual variability in iron absorption can be captured using 

measures of systemic iron status or by iron regulatory hormones such as hepcidin (20–24). 

Variability in iron status and absorption in healthy populations may be attributed to genetic 

factors. While there are well known ethnic differences in risk of iron overload, no studies to date 

have summarized published data on genetic variants found to be associated with iron metabolism 

across different ethnic groups nor have published data evaluated iron status as a function of 

ethnicity.  
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To address existing gaps in knowledge on iron homeostasis, the goal of this dissertation 

is to improve our understanding of physiological, environmental and genetic influences on iron 

homeostasis. This dissertation will address the following specific aims and hypotheses: 

Specific Aims and Hypothesis 

Specific Aim 1: To characterize maternal Hb distributions and the prevalence of anemia in a 

large cohort of pregnant women and to identify factors associated with risk of anemia in this 

cohort. 

Hypothesis:  The 5th percentile of the Hb distribution used currently by the CDC will be closer to 

the 50th percentile of the Hb distribution in a modern pregnancy cohort. Mean Hb concentrations 

per trimester will be impacted by race/ancestry. The prevalence of anemia will be highest in the 

third trimester of pregnancy and highest in Black women, while the prevalence of high Hb 

concentrations will be highest in the first trimester and among Asian and White women. 

Specific Aim 2: To utilize a stable iron isotope approach to identify the impact of parasitic 

infections and iron supplementation on iron incorporation into red blood cells (RBC) and to 

identify variables associated with the change in RBC iron isotope enrichment over a 3-month 

period among a group of toddlers residing in a malaria and helminth endemic environment. 

Hypothesis: Iron status and iron supplementation will be negatively associated with iron 

incorporation into RBC’s. Toddlers with parasitic infections will exhibit higher RBC Fe 

incorporation and a greater loss of RBC iron isotope enrichment post-dosing. 
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Specific Aim 3: To review genetic determinants of iron status and to characterize iron status in 

different ethnic populations and to undertake a statistical evaluation of possible differences in 

iron status as a function of ethnicity using published data. 

Hypothesis: Both iron- and non-iron related genes or single-nucleotide polymorphisms (SNPs) 

will be associated with variations in iron traits among healthy populations. The frequencies of 

certain mutations or SNPs will differ as a function of ethnicity. East Asian and White populations 

will have the highest risk of elevated iron status while Black populations will have the highest 

risk of low iron status.   

Background and Significance 

I. Iron homeostasis                                                                                                                                                    

a. General Iron Physiology 

Iron is an essential trace element involved in numerous metabolic processes, including 

oxygen transport and utilization, cellular proliferation, DNA synthesis, neurotransmitter 

synthesis, and energy production (1,25). Major organs or systems involved in iron metabolism 

include the small intestine, bone marrow, liver, and reticuloendothelial system. Four key cell 

types play key roles in regulation of iron homeostasis including the enterocytes, erythrocytic 

precursors, macrophages, and hepatocytes. Iron is absorbed into the blood stream across the 

enterocytes, specifically those of the proximal small intestine. Absorbed iron then binds to its 

specific systemic iron transport protein, transferrin. The majority of transferrin bound iron is 

delivered to erythrocyte precursors in the bone marrow to be incorporated into Hb in newly 
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synthesized RBCs (26). The distribution of total body iron is as follows: approximately two 

thirds of total body iron is contained within the circulating erythrocytes as heme. Heme consists 

of an iron ion complexed within a porphyrin ring. This complex is an indispensable component 

of Hb. Approximately 10-25% of body iron is stored as ferritin primarily in the liver and 

reticuloendothelial macrophages. This iron reserve can be mobilized when dietary iron 

absorption cannot meet iron demands. The remaining 5-15% of body iron is present within the 

heme component of myoglobin in muscle tissues and in a variety of enzymes involved in 

oxidative metabolism (26–29).  

Unlike other essential micronutrients, iron is unique because there are no regulatable 

excretory pathways to eliminate excess iron once it has been absorbed. Thus, iron homeostasis in 

humans depends almost exclusively on the tight regulation of dietary iron absorption by 

enterocytes. There are two forms of iron ingested from dietary sources: heme iron and non-heme 

iron, and these two forms of iron are absorbed using different mechanisms. Absorption of non-

heme iron (from both animal and plant sources) is regulated in response to iron status, whereas 

absorption of heme iron (from meat based dietary sources) is not tightly regulated in relation to 

iron status. Non-heme iron accounts for most of the dietary iron ingested primarily as ferric iron 

(Fe3+) or as ferrous iron (Fe2+) or in plant sources, animal tissues, or from iron fortificants that 

have been added to food during processing. Dietary ferric iron must be first reduced to ferrous 

iron (Fe2+) by a ferrireductase, duodenal cytochrome B, before it can be transported into the 

enterocyte by the divalent metal transporter 1 (DMT1) protein. Once ferrous iron (Fe2+) enters 

the enterocyte, it can either be stored as ferritin or exported across the basolateral membrane of 
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the enterocyte via iron export protein, ferroportin (FPN). As iron is exported across the 

basolateral membrane of the enterocyte, the ferrioxidase, hephaestin, oxidizes ferrous iron (Fe2+) 

to ferric iron (Fe3+) in order for iron to bind to serum transferrin to be transported throughout the 

blood stream to other body tissues. 

Transferrin-bound ferric iron is taken up into target cells that express transferrin receptor 

1 (TfR1) by receptor mediated endocytosis. Cellular expression of TfR1 is highest in erythroid 

tissue to support the iron demands of erythropoiesis. Under normal circumstances, approximately 

30% of the iron-binding sites in the plasma transferrin pool are occupied (30,31). This value is 

expressed as a percentage called transferrin saturation (TSAT), i.e. the ratio of serum iron/total 

iron binding capacity. When TSAT exceeds 45%, iron begins to circulate free or bound to low 

molecular weight molecules (citrate, albumin) generating a potentially toxic iron species known 

as non-transferrin bound iron (NTBI). The pancreatic cells and hepatocytes have a high capacity 

to internalize NTBI via ZIP14, while cardiomyocytes take up NTBI using L-type calcium 

channel and T-type calcium channel (32–34).  Excess NTBI can increase the intracellular labile 

iron pool causing the generation of reactive oxygen species and free radicals that can cause 

oxidative damage particularly in organs that express ZIP 14 (liver and pancreas) or in the heart.  

Only 1-2 mg of absorbed iron per day is needed to offset the typical amounts of daily iron 

lost from cell desquamation. The majority of iron needed to meet the high (20-25 mg/day) iron 

demands of erythropoiesis is obtained from the daily catabolism of senescent RBC’s (30,35). 

The heme iron that is released in the macrophages of the liver, spleen, and bone marrow is 

crucial for maintaining physiological erythropoiesis. In general, disruption of all pathways 
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mentioned above, especially iron absorption, would result in abnormal iron metabolism and 

utilization, ultimately leading to adverse or even detrimental health consequences.  

b. Regulation of Iron Homeostasis 

Humans have evolved sophisticated mechanisms to regulate non-heme iron absorption. 

Iron absorption can be regulated at the cellular level by specific iron trafficking proteins and is 

regulated systematically by several hormones. The enterocyte can sense cellular iron needs 

through the “iron regulatory proteins (IRP) and iron response elements (IRE)” system and 

respond by altering expressions of iron transporters involved in cellular iron uptake and egress. 

In response to low iron concentrations in the labile iron pool, IRP can either bind to specific IRE 

located in the 3’ or 5’ untranslated regions of mRNAs that encode for key iron transport proteins, 

allowing them to block or stabilize their transcription. For example, when little iron is available 

in the labile iron pool level, the IRP1 and IRP2 in the enterocytes would bind to 5’ region of the 

mRNA to block the translation of iron export and sequestering proteins such as FPN and ferritin; 

IRP’s can also bind to 3’ end of mRNA to stabilize the translation of genes that code for iron 

uptake proteins, such as DMT1 and TfR. In iron-replete cells, Fe/S clusters convert IRP1 into 

cytosolic aconitase, while IRP2 undergoes iron-dependent proteasomal degradation (36).   

Iron absorption and iron homeostasis can also be regulated systemically via three iron 

regulatory hormones: erythropoietin (EPO), hepcidin, and erythroferrone (ERFE). The first of 

these three hormones to be identified was erythropoietin (EPO), which was found in the 1950’s 

(37). Erythropoietin (EPO) is produced mainly by the kidneys in response to cellular hypoxia 

and when EPO binds to the EPO receptor in bone marrow this stimulates RBC production. 
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Decreased oxygen concentrations are detected by the kidneys which serves to stimulate EPO 

production. This process is mediated by hypoxia-inducible factors (HIF’s), which are 

transcription factors that respond to reduced tissue oxygen levels (38). 

Hepcidin is a small cysteine rich peptide hormone discovered in 2000 (1,39). Hepcidin is 

the key regulator of iron absorption and homeostasis. It is synthesized and secreted by the liver 

in response to inflammation, iron stores, oxygen tension, or erythropoietic demands. This 

hormone binds to FPN, causing it to be internalized, phosphorylated, ubiquitinated, and degraded 

within lysosomes. When present at higher concentrations, hepcidin can directly block FPN 

without endocytosis (40). This interaction limits iron egress from cells into the circulation by 

reducing absorption of dietary iron, recycling of iron from senescent erythrocytes, and release of 

iron from body iron reserves.    

Iron regulated hepcidin expression is mediated primarily through the BMP-SMAD 

pathway. Accumulated iron stores in the liver upregulate BMP ligands, which along with the 

constitutively active BMP type II receptors phosphorylate and activate BMP type I receptors. 

This activation results in the phosphorylation of SMAD1/5/8, a mechanism possibly mediated by 

endofin (41). Phosphorylated SMAD1/5/8 associates with cytoplasmic SMAD4 (42) and this 

complex translocates to the nucleus where it binds to BMP responsive elements in the hepcidin 

promoter, resulting in the activation of hepcidin transcription (43). Although several BMP 

ligands are expressed in the liver, only two of them (BMP2 and BMP6) have been shown to play 

a role in hepcidin expression (42). Membrane-bound hemojuvelin (HJV) functions as an 

essential BMP co-receptor that binds selectively to BMP6 ligands, which may be facilitated by 
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neogenin (44), to enhance SMAD phosphorylation. Whereas the inactive form of HJV, soluble 

HJV, may down-regulate hepcidin in a competitive way interfering with BMP signaling (45). 

Another key player in the regulation of the BMP-SMAD signaling pathway is the major 

histocompatibility complex class I like protein HFE. Under high concentrations of saturated 

transferrin, diferric-transferrin binds to TFR1 and displaces HFE from TFR1. HFE is then able to 

form a complex with TFR2 and possibly HJV to promote BMP-SMAD signaling (44). HFE also 

interacts with and stabilizes ALK3 to prevent its degradation, subsequently promoting BMP-

SMAD signaling and hepcidin transcription (46). Conversely, under conditions of iron 

deficiency, the transmembrane serine protease 6 (TMPRSS6 or matriptase-2, MT2) exhibits 

higher stability (47) and cleaves HJV into its inactive form, which results in the inactivation of 

the BMP-SMAD signaling pathway and downregulation of hepcidin transcription. In addition, 

the immunophilin FKBP12 inhibits the BMP-SMAD pathway through its interaction with ALK2 

to dampen hepcidin expression (48). 

Increased erythropoietic demands result in the downregulation of hepcidin expression via 

the function of EFRE (49,50). ERFE is a physiologic erythroid regulator mainly expressed in 

EPO-stimulated erythroblasts in the bone marrow (51). Decreased oxygen concentrations are 

detected by the kidneys via the HIF system, which stimulates the production and secretion of 

EPO from the kidneys. Elevated EPO then upregulates ERFE likely via the JAK2-STAT5 

pathway (51) and ERFE suppresses hepcidin expression by sequestering BMP2/6 and inhibiting 

the hepatic BMP-SMAD signaling pathway (51–55). The specific molecular mechanism of 

action of ERFE on hepcidin is evolving and further studies are needed to solidify and expand 
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what is currently known. Moreover, under hypoxic conditions, decreased oxygen tension leads to 

decreased hepcidin expression by stimulating the transcription of matripase (MT-2) and furin, 

which cleaves HJV into its soluble form (56), in response to HIF (56).  

Inflammation impacts hepcidin production as hepcidin is an acute-phase protein whose 

expression is up-regulated in response to infection and inflammation caused by diseases or 

parasites. The underlying mechanism of this response is mediated by the inflammatory cytokine 

interleukin-6 (IL-6). IL-6 binds to its receptor and stimulates hepcidin synthesis via JAK2-

STAT3 pathway in collaboration with BMP-SMAD signaling (42). Additionally, animal data 

show that hepcidin expression induction by inflammation can be potentiated by activin B via the 

activation of the BMP-SMAD signaling pathway (57).  A brief schematic of hepatic hepcidin 

regulation signaling pathways is presented in Figure 3.1. 

c. Assessment of Iron Status  

Accurate assessment of iron status is important to not only predict iron demands but also 

to effectively intervene when needed to combat both iron deficiency and iron overload. The 

WHO recommends the use of multiple indicators to assess iron status and suggests 5 measures to 

characterize iron status: Hb, zinc protoporphyrin, mean cell volume, serum TfR, and serum 

ferritin (SF) (58). A brief description of iron status indicators and advantages/disadvantages are 

presented in Table 1.1. Measurements of SF and TfR are considered to provide the best 

approach to evaluate the iron status of populations when inflammation is absent (58). Serum 

ferritin is a measure of body iron stores and low concentrations (<12-15 ug/L) of SF indicate that 

iron stores are depleted. When inflammation is present, however, SF is not a useful indicator of 



13 
 

iron stores because concentrations of SF increase as a result of the acute phase response even if 

iron stores are low. Soluble TfR (sTfR) reflects the intensity of erythropoiesis and the cellular 

demands for iron. An increase in sTfR concentrations indicates increased cellular iron 

requirements or insufficient iron supply. Although sTfR appears to be less impacted by 

inflammation when compared SF, sTfR concentrations increase with general inflammation, 

increased erythropoiesis from malaria infection, or RBC disorders (59). In addition to use of 

individual measures of SF or sTfR, the ratio of sTfR to SF is often used to evaluate iron status. 

The logarithm of the ratio of sTfR to SF concentrations is linearly related to total body iron 

(TBI) when expressed as mg/kg body weight (Table 1.1). This calculated value provides a 

quantitative estimate of the size of the body iron stores; when iron is present values > 0 mg/kg 

are obtained and individuals that are iron deficient values < 0 mg/kg are obtained (60). Similarly, 

because both SF and sTfR are impacted by inflammation, TBI is also influenced by 

inflammation as this measure is obtained using both SF and sTfR. To control for limitations in 

serum ferritin as a biomarker when inflammation or infection is present, acute phase proteins 

including C-reactive protein (CRP) and α-1-antichymotrypsin can be measured to adjust for 

inflammatory conditions (58,61). Although not all anemia is caused by iron deficiency, Hb 

concentrations can provide useful information about the severity of iron deficiency. Hemoglobin 

concentrations are a key indicator of functional iron deficiency (ID). Hemoglobin can be used to 

diagnose anemia and as an initial screening indicator for ID , however, Hb concentrations are 

also impacted by smoking status, altitude, race, stage of gestation, thalassemia, vitamin A 

deficiency, and deficiencies of folic acid and vitamin B12 in certain settings (58). 
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Table 1.1: Biochemical iron status indicators 

Biochemical 

Indicator 
What this Biomarker Reflects Advantages Disadvantages 

Hemoglobin (Hb) 

(g/dL) 

Measure of anemia, reflect amount of 

functional iron in body 

Inexpensive; simple to 

measure; important health 

consequences 

Low sensitivity/specificity; 

late indicator 

Hematocrit (Ht) 

(%) 

Proportional volume of RBCs in whole 

blood 
Simple to measure Same as Hb 

Transferrin 

receptor (TfR) 

(μg/L) 

Indicator of tissue iron availability. 

Reflects balance between cellular iron 

requirements and iron supply 

Unaffected by inflammation 
Lacks standardization, affected 

by the rate of erythropoiesis 

Serum ferritin 

(μg/L) 
Indicator of storage iron 

Reflects iron status; well 

standardized 

Acute phase protein, affected 

by inflammation and sub-

clinical infection 

Total Body Iron 

(TBI) (mg/kg) 

- [log (serum transferrin 

receptor/serum ferritin) – 

2.8229]/0.1207 

Measure of full range of iron 

status 
Same as TfR and ferritin  

Hepcidin Regulator of iron homeostasis 
Production diminished when 

iron reserves depleted 

Affected by inflammation and 

sub-clinical infection 

Serum iron 

(ug/dL) 

Iron bound to transferrin and ferritin 

(minor) in blood 

Measure of iron supply to the 

bone marrow and other tissues 

Varies diurnally and after 

meals; sample easily 

contaminated with iron from 

outside sources 

Total iron binding 

capacity (TIBC) 

(μg/dL) 

Total capacity of circulating transferrin 

bound to iron 

Increased in iron deficiency; 

low in inflammatory disorders 

Large overlap between normal 

values and values in iron 

deficiency 

Transferrin 

saturation (%) 
Serum iron/TIBC 

Proportion of transferrin 

bound to iron 
Same as serum iron and TIBC 

Zinc 

protoporphyrin 

(μmol/mol) 

Indicates lack of iron to developing 

RBCs 

Useful in young children; 

whole blood or dried spots can 

be assayed 

Increased in iron deficiency, 

inflammatory disorders, 

exposure to lead 

 

d. Stable Isotope Methodology to Measure Iron Absorption 

Given the unique role of iron absorption in iron homeostasis, a reliable and accurate 

method to measure iron absorption and utilization is needed. Stable iron isotope techniques are 

an invaluable and safe approach that can be used to measure oral iron absorption from different 

foods and to investigate factors impacting iron bioavailability. An isotope is an atom whose 
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nucleus contains the same number of protons but a different number of neutrons. Isotopes of the 

same element differ from each other in their atomic mass due to a variable number of neutrons. 

Iron isotopes can either be radioisotopes, which emit ionizing radiation, or stable isotopes which 

are non-radioactive, occurring naturally in fixed amounts in nature. Stable iron isotopes can be 

used as tracers, that are deliberately administered to humans to study the metabolism of iron. 

There are four naturally occurring stable iron isotopes and three of these (54Fe, 57Fe and 58Fe) are 

found at natural abundances under 6% (5.85%, 2.11% and 0.28% respectively). The erythrocyte 

iron incorporation method is the most commonly used method to measure iron absorption. The 

enrichment of orally administered stable iron isotopes in Hb is used as a proxy for iron 

absorption because the majority (80% or 90%) of absorbed iron is incorporated into RBCs in 

healthy adults (62) or infants and children (19,63,64) within 14 days. Thus, blood samples can be 

collected 14-days after administration of stable iron tracer and the enrichment of stable iron 

isotopes in whole blood can be measured to assess iron absorption. Thermal ionization mass 

spectrometry (TIMS) is often utilized to quantify the amount of iron isotope incorporated into 

RBCs after first digesting the blood, drying down the blood digests; isolating iron from the 

digests using anion exchange chromatography; loading the extracted iron onto rhenium filaments 

and measuring all four stable iron isotopes using TIMS. More details of the stable iron isotope 

method are presented in Chapter 3. 

II. Physiological influences on iron homeostasis 

Different life stages and corresponding physiological states have a significant impact on 

iron metabolism and homeostasis. The alteration of regular iron homeostasis occurs primarily in 
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individuals with increased iron requirements such as infants and children, adolescents during 

their growth spurt, women during their childbearing years, pregnant women, and in the elderly 

who may have pathophysiological changes in organ function and an increased inflammatory 

burden.  

The iron stores at birth are very important in maintaining adequate iron status over the 

first 6 months of life (65). The size of the iron stores at birth may be affected by birth weight, 

gestational age, timing of umbilical cord clamping and maternal iron status. Iron is transferred 

from maternal blood to the fetus with most fetal iron acquisition occurring during the third 

trimester. Early cord clamping and maternal IDA have a negative effect on iron status of 

newborn (65). Studies in human infants (66,67) and experimental animals suggest that the 

regulatory capacity of iron homeostasis is limited in young infants, mainly caused by a lack of 

regulation of DMT1 and ferroportin (68,69), and hyporesponsive to hepcidin (70). Assuming an 

infant is born with sufficient iron reserves, at about 4 months of age these iron stores are 

typically exhausted and the requirement for dietary iron increases to support the infant’s rapid 

growth. Rapid growth with high iron demands places infants and young children at particular 

risk for IDA, especially those aged 6–24 months (71). Iron deficiency and IDA can have a 

significant impact on infants’ and children’s development and health including altering immune 

status, increasing risk of morbidity, growth retardation, and adverse effects on cognition that may 

or may not be reversible with iron treatment (71). Iron is necessary for normal anatomic 

development of the fetal brain, myelination, and the development and function of the dopamine, 

serotonin, and norepinephrine systems, and iron also modifies the epigenetic landscape of the 



17 
 

brain (72). Adolescents are another at risk group for developing IDA due to their rapid growth 

and increased iron demands of puberty, especially among adolescent girls due to menstrual 

losses. Imbalances between nutritional iron intake and physiologic blood loss through menses or 

gestational iron losses are the primary reasons for ID and IDA in women in childbearing age 

(71,73). Menstrual blood losses may range from 25–50 mg of iron per cycle depending on the 

women’s Hb concentration and the individual pattern of menstruation, and losses can be 

substantially greater in women with menorrhagia (73).  

During pregnancy, iron requirements increase substantially to support fetoplacental 

development and maternal adaptations to pregnancy. In total, blood volume increases ~1.5 L to 

facilitate the blood flow in the uterus and placenta for nutrient and oxygen delivery to the fetus 

and to blunt the effects of blood loss at delivery (74). Insufficient increases in plasma volume 

have been associated with pathologies such as intrauterine growth restriction and preeclampsia 

(13,75). Iron requirements increase as pregnancy progresses. In the first trimester of pregnancy, 

the iron requirements (~0.8 mg/d) are lower than observed among non-pregnant women (1 - 

1.5mg/day) (76) because of the cessation of menses. As pregnancy advances, maternal RBC 

mass increases and placental and fetal growth accelerates, physiologic iron requirements rise to 

3.0 - 7.5 mg/d in the third trimester (13,73). To meet these increasing iron requirements, 

maternal hepcidin may be actively suppressed during pregnancy to increase both dietary iron 

absorption and mobilization of iron from stores (13). In healthy human pregnancies, maternal 

hepcidin concentrations decrease in the second and third trimesters, thereby facilitating an 

increased nonheme and heme iron absorption (77) as gestation progresses and to allow iron to be 
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mobilized from stores into the circulation (13). Other than hepcidin, EPO and sTfR 

concentrations increase as pregnancy progresses to support expanding maternal erythropoiesis 

(78–80). Serum ferritin concentrations gradually decrease reaching their lowest concentrations in 

the third trimester due to hemodilution and iron mobilization from stores to support the demands 

of the placenta and fetus (13). In addition, in an animal model of pregnancy, both DMT1 and the 

ferrireductase duodenal cytochrome B concentrations have been found to be increased (81). 

Although physiological iron requirements do not differ between adult and elderly men 

and post-menopausal and elderly women (82), there is growing evidence that iron metabolism is 

affected by the aging process. Hemoglobin concentrations have been reported to decline with 

advancing age, and this decline appears to increase after the age of 80, particularly in men (83). 

In addition, the prevalence of anemia increases with age within the elderly population. Anemia in 

the elderly may be caused by a number of physiological factors including reduced efficiency of 

iron absorption and chronic disease (84). Chronic low-grade inflammation in the elderly can lead 

to less efficient iron absorption under the regulation by acute phase protein, hepcidin (84). 

Moreover, moderate or severe kidney failure is one of the causes of anemia in elderly, due to 

compromised EPO production (85). Anemia in the elderly has adverse health implications 

including a decline in physical performance, cognitive impairment, increased susceptibility to 

falling, frailty, and mortality (86). On the other hand, there are potential adverse effects of 

elevated iron stores in middle-aged and older people. Elevated iron stores have been found to be 

associated with increased risk of chronic diseases such as heart disease, cancer and type 2 

diabetes mellitus (84).  
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III. Impact of environmental factors on iron homeostasis 

There are many external environmental factors that impact iron status and iron absorption 

and can lead to disorders of iron balance. Lifestyle factors such as smoking, and alcohol 

consumption have been reported to be associated with iron homeostasis. Studies have exhibited 

that cigarette smoking induced significant dysregulation of iron homeostasis in the lung and 

lower sTfR values have been found in heavy smokers (1,87). Smoking can result in chronic 

hypoxic conditions and compromised lung capacity. The Hb distribution curve is shifted to the 

right in smokers and this has been found to be positively associated with the intensity of cigarette 

use (88). Other hematological indicators such as the hematocrit, MCV, MCH, MCHC, and RDW 

levels have also been found to be elevated in smokers to offset their compromised lung capacity 

(89).  

Alcohol consumption is another lifestyle factor influencing iron homeostasis. High 

concentrations of SF have been positively correlated with the degree of alcohol consumption, 

and even mild to moderate alcohol consumption has been shown to increase the prevalence of 

iron overload (1). These effects may be mediated by changes in hepcidin production as animal 

studies have demonstrated that alcohol can down-regulate hepcidin expression in the liver (90).  

Since there are no regulated biological excretion pathways to rid excess iron from the 

body, phlebotomy is used as an effective approach to treat iron overload. Blood donation can 

therefore have a negative impact on body iron stores. Results from the REDS-II Donor Iron 

Status Evaluation Study indicate that iron depletion is common in frequent blood donors, who 

were found to have significantly lower SF concentrations than non-blood donors or people who 
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had not donated blood for the past two years (91,92). Ferritin levels in blood donors were found 

to be inversely correlated with the cumulated number of blood donations, inter-donation intervals 

and donation intensity (91–94).  

Although only 1-2 mg/day of absorbed dietary iron is needed to offset the typical 

amounts of iron lost per day, long term dietary iron deficit would lead to ID and eventually result 

in IDA. At a population level, dietary iron absorption is generally considered to be one of the 

most important determinants of iron status (95). Dietary iron absorption not only depends on 

physiological requirements and existing body iron stores, but it is also influenced by the quantity, 

form of iron and other dietary components. Non-heme iron absorption exhibits significant 

variability between otherwise healthy individuals with values typically ranging from 2% to more 

than 20% (1,27). Iron absorption can be enhanced by dietary components including ascorbic 

acid, organic acids (malic, lactic and tartaric acids) and animal tissues (meat, poultry or fish) 

whereas it can be inhibited by calcium, phytate, tannins, other polyphenols, and soy proteins 

(96,97). Food components that are inhibitors of non-heme iron absorption generally bind iron in 

the gastrointestinal tract and prevent its absorption, while enhancers of iron absorption are food 

components that weaken or prevent iron binding to inhibitory compounds or work by reducing 

ferric iron to ferrous iron (1).  

Oral iron supplementation is a cost-effective strategy to treat ID and IDA in addition to 

improving dietary iron intake and bioavailability. Iron supplementation can be targeted to high-

risk groups such as children and pregnant women who have higher physiological iron demands. 

Randomized control trials have reported that iron supplementation can improve Hb 
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concentrations in infants (98) and iron-deficient or anemic children (99) and can improve iron 

status (indicated by SF) in non-anemic iron-deficient adolescent girls (100).  In addition, oral 

iron supplementation can reduce the risk of maternal anemia and iron deficiency in pregnancy 

(101). On the other hand, excessive iron supplementation of infants may lead to increased risk of 

infection, impaired growth and disturbed absorption or metabolism of other minerals 

(65,102,103) and may lead to dysbiosis in the gut microbiome (104). There has been controversy 

regarding the effects of exogenous iron administration in children in parasitic-endemic areas 

(16,17), particularly among children who are iron replete (105). Studies conducted in malaria-

endemic areas have found that untargeted oral iron supplementation was associated with 

increased risk of contracting infectious diseases and increased mortality among preschool 

children (17,18). This effect, however, was not found in Nepal where there is no malaria, thus  

iron supplementation in malaria-endemic areas may be risky (106). 

Malaria is currently one of the most geographically widespread and life-threatening 

diseases caused by Plasmodium parasites that transmit malaria to people through the bites of 

infected female Anopheles mosquitoes. Malaria is responsible for the deaths of an estimated 0.6 

million people per year (17). In 2019, there were an estimated 229 million cases of malaria 

worldwide, and children under 5 years of age were the most vulnerable group (107). Another 

common infection is soil-transmitted helminth infections, which can be caused by the main 

species of the roundworm (Ascaris lumbricoides), the whipworm (Trichuris trichiura) or by 

hookworms (Necator americanus and Ancylostoma duodenale). More than 1.5 billion people are 

infected with soil-transmitted helminth infections worldwide, with the greatest numbers 
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occurring in sub-Saharan Africa, the Americas, and East Asia. Over 267 million preschool-age 

children and over 568 million school-age children live in areas where these parasites are 

intensively transmitted (108). Children living in helminth- and malaria-endemic areas frequently 

suffer from chronic parasitemia and low-grade inflammation. These parasitic infections coupled 

with low dietary iron intakes increase the risk of IDA in many deprived areas.  

Mechanisms by which malaria and helminth infection impair iron homeostasis are 

multifactorial. Malaria may exacerbate ID by sequestrating iron into malarial pigment 

(hemazoin) (109) and by blocking iron recycling from senescent RBCs. It may also shorten the 

RBC lifespan due to erythrophagocytosis of both parasitized and non-parasitized RBC’s 

(110,111). Helminth infections can lead to chronic gastrointestinal blood loss from ingestion of 

RBCs by parasites or tissue trauma caused by parasites attachment and feeding, which increase 

the risk of ID and anemia (112). In addition, inflammation caused by malarial and helminth 

infections may further compromise iron absorption due to increased serum hepcidin 

concentrations by chronic inflammation (110,111). Because of the controversial effects of oral 

supplementation on children residing in parasites-endemic areas, the WHO recommends 

screening for ID before iron supplementation is initiated in these locations (113). In addition, 

WHO recommends provision of iron supplements to children, but this should be implemented in 

conjunction with measures to prevent, diagnose and treat malaria for optimal results on 

children’s health. Iron supplementation combined with anti-malarial and anti-helminth 

medication is commonly used as an effective strategy for managing anemia in malaria-endemic 

areas (114).  
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IV. Genetic influences on iron homeostasis  

Tight control of iron homeostasis is needed to prevent ID or iron overload but to date, 

only about 30% of the interindividual variability in iron absorption can be captured by or iron 

regulatory hormones or iron status biomarkers (20–24). Iron status as determined using SF, sTfR 

and Hb concentrations varies significantly by racial/ethnic groups and different geographic areas 

(115–119). Ethnic differences in iron status indicators have been reported in large 

epidemiological studies or large cohort studies over the past few decades. For example, the 

largest epidemiological study to date that evaluated iron stores as a function of ethnicity was the 

HEIRS (Hemochromatosis and Iron Overload Screening) study. This study recruited 101,168 

primary care adults aged 25 years or older from the United States and Canada, and evaluated SF 

and TSAT as a function of ethnicity (self-reported as Hispanic, European, African American, 

Asian, Pacific Islander, Native American) (120). These epidemiological studies have found that 

Asians have higher adjusted means of serum ferritin and transferrin saturation compared to any 

other population group studied, even after excluding polymorphisms previously associated with 

iron overload (115,118) and African Americans have lower mean Hb concentrations and higher 

SF concentrations compared to Caucasians (121,122). Race-ethnic differences in the risk of ID 

or iron overload have also been reported as highlighted by the CDC cut-offs used to denote 

anemia (123).  

Findings from the O’Brien and Gu laboratories are in agreement with the epidemiologic 

data and have observed population-specific differences in iron absorption between East Asians 

and Europeans, and the differences noted persisted even after controlling for iron status (20). 
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These differences might indicate that the storage threshold at which East Asians down-regulate 

iron absorption is higher. Increased iron absorption and its impact on augmentation of body iron 

stores across age groups suggest that East Asian populations may be at greater risk of iron 

overload related conditions at maturity, which might explain East Asian populations having 

greater risk of diabetes at a lower BMI (124,125). Diet might be a plausible reason for the ethnic 

disparities in iron status because studies have found that there are associations between dietary 

constituents (such as red meat and vitamin C) and iron status (116,117). However, a randomized 

clinical trial conducted in elderly Europeans showed that changing from a Western to a 

Mediterranean-style diet for one year had no overall effect on iron status (116). On the other 

hand, genetic variations might underlie the observed ethnic differences in iron status. The HFE 

gene was first identified as the causative gene in hereditary hemochromatosis (HH) but the 

C282Y and H63D mutations of HFE that manifest at very high frequencies in Northern 

Europeans, are nearly absent in Asian and Pacific Island populations (119,126,127). In addition, 

a unique East Asian-prevalent HFE haplotype has been identified and may be a result of adaptive 

evolution (128). Clearly, there are unidentified genetic contributions that underlie the observed 

ethnic differences in iron status. Multiple genome-wide association studies (GWAS) and 

candidate gene association studies have been undertaken to investigate the genetic contributions 

to variations in iron status between and within populations. These studies have identified 

pathogenic mutations in some iron-related genes that associated with ID or iron overload and 

identified polymorphisms within iron- and even non-iron related genes that associated with 

variations in iron traits among healthy populations.  
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V. Significance and Summary 

This dissertation project investigates three major factors that influence iron homeostasis: 

physiology, environment, and genetics. These three factors will be addressed in three specific 

aims of this dissertation that will be individually detailed and discussed in Chapters 2 through 4 

(Figure 1.2). 

Figure 1.2 Three major factors that influence iron homeostasis and the corresponding 

dissertation chapters addressing these factors. 

For physiological factors, pregnancy will be focused on in this research. Maternal anemia 

has been reported to be associated with poor birth outcomes such as increased risks of low birth 

weight (LBW), SGA, preterm birth, stillbirth, perinatal and neonatal mortality (14,129) as well 

as adverse maternal outcomes including postpartum hemorrhage, preeclampsia, blood 

transfusion and maternal mortality (14,130). However, the policy of providing universal iron 

supplementation to all women in developed countries remains controversial. The US Preventive 

Services Task Force (USPSTF) determined that the current evidence was insufficient to 

recommend routine iron supplementation of pregnant women to prevent adverse maternal health 
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and birth outcomes (131). Limited normative data are available for maternal Hb in pregnancy 

and data to estimate the current prevalence of IDA among healthy US pregnant women. 

Therefore, Aim 1 (in Chapter 2) is designed to characterize the distribution of maternal Hb and 

the prevalence of anemia in a large cohort of pregnant women and to identify factors associated 

with risk of anemia in this cohort.  

With respect to environmental factors and their impact on iron status, to date little is 

known about iron absorption and utilization in children with mild chronic parasitic infections 

(19). In addition, how oral iron supplementation impacts iron utilization and long-term iron 

metabolism in children residing in parasite-endemic areas is unknown. Therefore, Aim 2 (in 

Chapter 3) addresses the impact of malarial and helminth infections on iron incorporation into 

RBCs and identifies variables associated with the change in RBC iron enrichment over an 84-day 

period post dosing in a group of toddlers at high risk for malarial and helminth infections. 

Lastly, understanding the impact of genetic polymorphisms and evolutionary origins on 

iron homeostasis may help guide dietary recommendations to minimize the risks of chronic 

diseases and guide future genome-informed nutritional practices. However, no published studies 

to date have summarized data on genetic variants that are associated with iron metabolism and 

highlighted how these genetic variants may differ across ethnic groups. Multiple published 

reports of iron status exist but few attempts have been made to compile these existing data to 

summarize current findings and knowledge on ethnic differences in iron status. Therefore, to fill 

this knowledge gap, Aim 3 (in Chapter 4) uses existing published data to statistically explore 
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differences in iron status among various ethnic/racial populations and to summarize and review 

published data on genetic determinants of iron status.  

 

 



28 
 

REFERENCES 

1. Lynch S, Pfeiffer CM, Georgieff MK, et al. Biomarkers of Nutrition for Development 

(BOND)-Iron review. J Nutr. 2018;148(suppl_1):1001S-1067S.  

2. Miller JL. Iron deficiency anemia: a common and curable disease. Cold Spring Harb 

Perspect Med. 2013;3(7):.  

3. Camaschella C. Iron deficiency. Blood. 2019;133(1):30–39.  

4. Montonen J, Boeing H, Steffen A, et al. Body iron stores and risk of type 2 diabetes: 

results from the European Prospective Investigation into Cancer and Nutrition (EPIC)-

Potsdam study. Diabetologia. 2012;55(10):2613–2621.  

5. Gan W, Guan Y, Wu Q, et al. Association of TMPRSS6 polymorphisms with ferritin, 

hemoglobin, and type 2 diabetes risk in a Chinese Han population. Am J Clin Nutr. 

2012;95(3):626–632.  

6. Gujja P, Rosing DR, Tripodi DJ, Shizukuda Y. Iron overload cardiomyopathy: better 

understanding of an increasing disorder. J Am Coll Cardiol. 2010;56(13):1001–12.  

7. Eftekhari MH, Mozaffari-Khosravi H, Shidfar F, Zamani A. Relation between Body Iron 

Status and Cardiovascular Risk Factors in Patients with Cardiovascular Disease. Int J Prev 

Med. 2013;4(8):911–6.  

8. Basuli D, Stevens RG, Torti FM, Torti S V. Epidemiological associations between iron 

and cardiovascular disease and diabetes. Front Pharmacol. 2014;5:117.  



29 
 

9. Torti S V., Torti FM. Iron and cancer: more ore to be mined. Nat Rev Cancer. 

2013;13(5):342–355.  

10. Thévenod F. 15. Iron and Its Role in Cancer Defense: A Double-Edged Sword. Met Dev 

Action Anticancer Agents. 2018;437–468.  

11. Daugherty AM, Raz N. Appraising the Role of Iron in Brain Aging and Cognition: 

Promises and Limitations of MRI Methods. Neuropsychol Rev. 2015;25(3):272–87.  

12. Ward RJ, Dexter DT, Crichton RR. Neurodegenerative diseases and therapeutic strategies 

using iron chelators. J Trace Elem Med Biol. 2015;31:267–273.  

13. Fisher AL, Nemeth E. Iron homeostasis during pregnancy. Am J Clin Nutr. 

2017;106:1567S-1574S.  

14. Young MF, Oaks BM, Tandon S, et al. Maternal hemoglobin concentrations across 

pregnancy and maternal and child health: a systematic review and meta-analysis. Ann N Y 

Acad Sci. 2019;1450(1):47.  

15. Ganz T, Nemeth E. Iron homeostasis in host defence and inflammation. Nat Publ Gr. 

2015;  

16. Barffour MA, Schulze KJ, Coles CL, et al. High Iron Stores in the Low Malaria Season 

Increase Malaria Risk in the High Transmission Season in a Prospective Cohort of Rural 

Zambian Children. J Nutr. 2017;  



30 
 

17. Spottiswoode N, Duffy PE, Drakesmith H. Iron, anemia and hepcidin in malaria. Front 

Pharmacol. 2014;  

18. Sazawal S, Black RE, Ramsan M, et al. Effects of routine prophylactic supplementation 

with iron and folic acid on admission to hospital and mortality in preschool children in a 

high malaria transmission setting: Community-based, randomised, placebo-controlled 

trial. Lancet. 2006;  

19. Doherty CP, Cox SE, Fulford AJ, et al. Iron incorporation and post-malaria anaemia. 

PLoS One. 2008;  

20. Ye K, Cao C, Lin X, O’Brien KO, Gu Z. Natural selection on HFE in Asian populations 

contributes to enhanced non-heme iron absorption. BMC Genet. 2015;16(1):61.  

21. Young MF, Glahn RP, Ariza-Nieto M, et al. Serum hepcidin is significantly associated 

with iron absorption from food and supplemental sources in healthy young women. Am J 

Clin Nutr. 2009;89(2):533–538.  

22. Roe MA, Heath ALM, Oyston SL, et al. Iron absorption in male C282Y heterozygotes. 

Am J Clin Nutr. 2005;81(4):814–821.  

23. Zimmermann MB, Troesch B, Biebinger R, et al. Plasma hepcidin is a modest predictor of 

dietary iron bioavailability in humans, whereas oral iron loading, measured by stable-

isotope appearance curves, increases plasma hepcidin. 2009;90(5):1280–1287.  

24. Roe MA, Collings R, Dainty JR, Swinkels DW, Fairweather-Tait SJ. Plasma hepcidin 



31 
 

concentrations significantly predict interindividual variation in iron absorption in healthy 

men. Am J Clin Nutr. 2009;89(4):1088–1091.  

25. Dev S, Babitt JL. Overview of iron metabolism in health and disease. Hemodial Int. 

2017;21 Suppl 1(Suppl 1):S6–S20.  

26. Knutson MD. Iron transport proteins: Gateways of cellular and systemic iron homeostasis. 

J Biol Chem. 2017;292(31):12735–12743.  

27. Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for human 

health. J Res Med Sci. 2014;19(2):164–74.  

28. Andrews NC. Iron homeostasis: insights from genetics and animal models. Nat Rev 

Genet. 2000;1(3):208–217.  

29. Ganz T, Nemeth E. Regulation of iron acquisition and iron distribution in mammals. 

Biochim Biophys Acta - Mol Cell Res. 2006;1763(7):690–699.  

30. Fleming RE, Ponka P. Iron Overload in Human Disease. N Engl J Med. 2012;366(4):348–

359.  

31. Anderson GJ, Frazer DM. Current understanding of iron homeostasis. Oxford University 

Press; 2017.  

32. Jenkitkasemwong S, Wang C-Y, Coffey R, et al. SLC39A14 Is Required for the 

Development of Hepatocellular Iron Overload in Murine Models of Hereditary 



32 
 

Hemochromatosis. Cell Metab. 2015;22(1):138–150.  

33. Chen M, Cabantchik ZI, Chan S, Chan GC, Cheung Y. Iron overload and apoptosis of 

HL-1 cardiomyocytes: effects of calcium channel blockade. PLoS One. 

2014;9(11):e112915.  

34. Knutson MD. Non-transferrin-bound iron transporters. Free Radic Biol Med. 

2019;133:101–111.  

35. Andrews NC. Disorders of Iron Metabolism. N Engl J Med. 1999;341(26):1986–1995.  

36. Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders revisited in the 

hepcidin era. Haematologica. 2020;105(2):260–272.  

37. Jelkmann W. Erythropoietin after a century of research: younger than ever. Eur J 

Haematol. 2007;78(3):183–205.  

38. Gupta N, Wish JB. Hypoxia-Inducible Factor Prolyl Hydroxylase Inhibitors: A Potential 

New Treatment for Anemia in Patients With CKD. Am J Kidney Dis. 2017;69(6):815–

826.  

39. Krause A, Neitz S, Mägert HJ, et al. LEAP-1, a novel highly disulfide-bonded human 

peptide, exhibits antimicrobial activity. FEBS Lett. 2000;480(2–3):147–50.  

40. Aschemeyer S, Qiao B, Stefanova D, et al. Structure-function analysis of ferroportin 

defines the binding site and an alternative mechanism of action of hepcidin. Blood. 



33 
 

2018;131(8):899–910.  

41. Goh JB, Wallace DF, Hong W, Subramaniam VN. Endofin, a novel BMP-SMAD 

regulator of the iron-regulatory hormone, hepcidin. Sci Rep. 2015;5(1):1–12.  

42. Silvestri L, Nai A, Dulja A, Pagani A. Hepcidin and the BMP-SMAD pathway: An 

unexpected liaison. Vitam Horm. 2019;110:71–99.  

43. Wang RN, Green J, Wang Z, et al. Bone Morphogenetic Protein (BMP) signaling in 

development and human diseases. Genes Dis. 2014;1(1):87–105.  

44. Muckenthaler MU, Rivella S, Hentze MW, Galy B. A Red Carpet for Iron Metabolism. 

Cell. 2017;  

45. Core AB, Canali S, Babitt JL. Hemojuvelin and bone morphogenetic protein (BMP) 

signaling in iron homeostasis. Front Pharmacol. 2014;5 MAY:104.  

46. Wu XG, Wang Y, Wu Q, et al. HFE interacts with the BMP type I receptor ALK3 to 

regulate hepcidin expression. Blood. 2014;  

47. Zhao N, Nizzi CP, Anderson SA, et al. Low intracellular iron increases the stability of 

Matriptase-2. J Biol Chem. 2015;  

48. Colucci S, Pagani A, Pettinato M, et al. The immunophilin FKBP12 inhibits hepcidin 

expression by binding the BMP type I receptor ALK2 in hepatocytes. Blood. 

2017;130(19):2111–2120.  



34 
 

49. Kautz L, Jung G, Valore E V, et al. Identification of erythroferrone as an erythroid 

regulator of iron metabolism. Nat Genet. 2014;46(7):678–684.  

50. Robach P, Gammella E, Recalcati S, et al. Induction of erythroferrone in healthy humans 

by micro-dose recombinant erythropoietin or high-altitude exposure. Haematologica. 

2020;haematol.2019.233874.  

51. Ganz T. Erythropoietic regulators of iron metabolism. Free Radic Biol Med. 2019;133:69–

74.  

52. Arezes J, Foy N, McHugh K, et al. Erythroferrone inhibits the induction of hepcidin by 

BMP6. Blood. 2018;132(14):1473–1477.  

53. Aschemeyer S, Gabayan V, Ganz T, Nemeth E, Kautz L. Erythroferrone and matriptase-2 

independently regulate hepcidin expression. Am J Hematol. 2017;92(5):E61–E63.  

54. Zhang AS, Enns CA. A long sought after “receptor” for ERFE? Blood. 

2018;132(14):1463–1464.  

55. Wang C-Y, Xu Y, Traeger L, et al. Erythroferrone lowers hepcidin by sequestering 

BMP2/6 heterodimer from binding to the BMP type I receptor ALK3. Blood. 

2020;135(6):453–456.  

56. Silvestri L, Pagani A, Camaschella C. Furin-mediated release of soluble hemojuvelin: A 

new link between hypoxia and iron homeostasis. Blood. 2008;111(2):924–931.  



35 
 

57. Canali S, Core AB, Zumbrennen-Bullough KB, et al. Activin B Induces Noncanonical 

SMAD1/5/8 Signaling via BMP Type I Receptors in Hepatocytes: Evidence for a Role in 

Hepcidin Induction by Inflammation in Male Mice. Endocrinology. 2016;157(3):1146–

1162.  

58. WHO, World Health Organization, WHO. WHO | Assessing the iron status of 

populations. World Health Organization; 2012.  

59. Suchdev PS, Williams AM, Mei Z, et al. Assessment of iron status in settings of 

inflammation: Challenges and potential approaches. Am J Clin Nutr. 2017;106(Suppl 

6):1626S-1633S.  

60. Pfeiffer CM, Looker AC. Laboratory methodologies for indicators of iron status: 

strengths, limitations, and analytical challenges. Am J Clin Nutr. 2017;106(Supplement 

6):1606S-1614S.  

61. Namaste SM, Aaron GJ, Varadhan R, Peerson JM, Suchdev PS. Methodologic approach 

for the Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia 

(BRINDA) project. Am J Clin Nutr. 2017;106(Suppl 1):333S-347S.  

62.  Assessment of Iron Bioavailability in Humans Using Stable Iron Isotope Techniques. 

Vienna: INTERNATIONAL ATOMIC ENERGY AGENCY; 2012.  

63. Chen Z, Griffin IJ, Plumlee LM, Abrams SA. High resolution inductively coupled plasma 

mass spectrometry allows rapid assessment of iron absorption in infants and children. J 



36 
 

Nutr. 2005;  

64. Abrams SA. Using stable isotopes to assess mineral absorption and utilization by children. 

Am J Clin Nutr. 1999;70(6):955–964.  

65. Lönnerdal B. Development of iron homeostasis in infants and young children. Am J Clin 

Nutr. 2017;106:1575S-1580S.  

66. Domellöf M, Lönnerdal B, Abrams SA, Hernell O. Iron absorption in breast-fed infants: 

Effects of age, iron status, iron supplements, and complementary foods. Am J Clin Nutr. 

2002;76(1):198–204.  

67. Domellöf M, Cohen RJ, Dewey KG, et al. Iron supplementation of breast-fed Honduran 

and Swedish infants from 4 to 9 months of age. J Pediatr. 2001;138(5):679–687.  

68. Leong WI, Bowlus CL, Tallkvist J, Lönnerdal B. Iron supplementation during infancy - 

Effects on expression of iron transporters, iron absorption, and iron utilization in rat pups. 

Am J Clin Nutr. 2003;78(6):1203–1211.  

69. Leong WI, Bowlus CL, Tallkvist J, Lönnerdal B. DMT1 and FPN1 expression during 

infancy: Developmental regulation of iron absorption. Am J Physiol - Gastrointest Liver 

Physiol. 2003;285(6 48-6):.  

70. Darshan D, Wilkins SJ, Frazer DM, Anderson GJ. Reduced expression of ferroportin-1 

mediates hyporesponsiveness of suckling rats to stimuli that reduce iron absorption. 

Gastroenterology. 2011;141(1):300–309.  



37 
 

71. Hermoso M, Vucic V, Vollhardt C, et al. The Effect of Iron on Cognitive Development 

and Function in Infants, Children and Adolescents: A Systematic Review. Ann Nutr 

Metab. 2011;59(2–4):154–165.  

72. Cusick SE, Georgieff MK. The Role of Nutrition in Brain Development: The Golden 

Opportunity of the “First 1000 Days.” J Pediatr. 2016;175:16–21.  

73. Means RT. Iron Deficiency and Iron Deficiency Anemia: Implications and Impact in 

Pregnancy, Fetal Development, and Early Childhood Parameters. Nutrients. 

2020;12(2):447.  

74. Ramsay M. Normal hematological changes during pregnancy and the puerperium. Obstet 

Hematol Man. 2011;3–12.  

75. de Haas S, Ghossein-Doha C, van Kuijk SMJ, van Drongelen J, Spaanderman MEA. 

Physiological adaptation of maternal plasma volume during pregnancy: a systematic 

review and meta-analysis. Ultrasound Obstet Gynecol. 2017;49(2):177–187.  

76. Bothwell TH. Iron requirements in pregnancy and strategies to meet them. Am J Clin 

Nutr. 2000;72(1 SUPPL.):  

77. Young MF, Griffin I, Pressman E, et al. Maternal hepcidin is associated with placental 

transfer of iron derived from dietary heme and nonheme sources. J Nutr. 2012;142(1):33–

39.  

78. McMullin MF, White R, Lappin T, Reeves J, MacKenzie G. Haemoglobin during 



38 
 

pregnancy: Relationship to erythropoietin and haematinic status. Eur J Haematol. 

2003;71(1):44–50.  

79. Harstad TW, Mason RA, Cox SM. Serum Erythropoietin Quantitation in Pregnancy Using 

an Enzyme-Linked Immunoassay. Am J Perinatol. 1992;9(4):233–235.  

80. Milman N, Agger AO, Nielsen OJ. Iron status markers and serum erythropoietin in 120 

mothers and newborn infants: Effect of iron supplementation in normal pregnancy. Acta 

Obstet Gynecol Scand. 1994;73(3):200–204.  

81. Millard KN, Frazer DM, Wilkins SJ, Anderson GJ. Changes in the expression of intestinal 

iron transport and hepatic regulatory molecules explain the enhanced iron absorption 

associated with pregnancy in the rat. Gut. 2004;53(5):655–660.  

82. NIH. Iron - Health Professional Fact Sheet. US Dep Heal Hum Serv. 2018;18.  

83. Nilsson-Ehle H, Jagenburg R, Landahl S, Svanborg A. Blood haemoglobin declines in the 

elderly: Implications for reference intervals from age 70 to 88. Eur J Haematol. 

2000;65(5):297–305.  

84. Fairweather-Tait SJ, Wawer AA, Gillings R, Jennings A, Myint PK. Iron status in the 

elderly. Mech Ageing Dev. 2014;136–137:22–28.  

85. Wawer AA, Jennings A, Fairweather-Tait SJ. Iron status in the elderly: A review of recent 

evidence. Mech Ageing Dev. 2018;175:55–73.  



39 
 

86. Price EA, Mehra R, Holmes TH, Schrier SL. Anemia in older persons: Etiology and 

evaluation. Blood Cells, Mol Dis. 2011;46(2):159–165.  

87. Zhang WZ, Butler JJ, Cloonan SM. Smoking-induced iron dysregulation in the lung. Free 

Radic Biol Med. 2019;133:238–247.  

88. Nordenberg D, Yip R, Binkin NJ. The Effect of Cigarette Smoking on Hemoglobin Levels 

and Anemia Screening. JAMA J Am Med Assoc. 1990;264(12):1556–1559.  

89. Elisia I, Lam V, Cho B, et al. The effect of smoking on chronic inflammation, immune 

function and blood cell composition. Sci Rep. 2020;10(1):.  

90. Harrison-Findik DD. Role of alcohol in the regulation of iron metabolism. World J 

Gastroenterol. 2007;13(37):4925–4930.  

91. Cable RG, Glynn SA, Kiss JE, et al. Iron deficiency in blood donors: Analysis of 

enrollment data from the REDS-II Donor Iron Status Evaluation (RISE) study. 

Transfusion. 2011;51(3):511–522.  

92. Cable RG, Glynn SA, Kiss JE, et al. Iron deficiency in blood donors: The REDS-II Donor 

Iron Status Evaluation (RISE) study. Transfusion. 2012;52(4):702–711.  

93. Milman N, Byg KE, Ovesen L. Iron status in Danes 1994: II: Prevalence of iron 

deficiency and iron overload in 1319 Danish women aged 40-70 years. Influence of blood 

donation, alcohol intake and iron supplementation. Ann Hematol. 2000;79(11):612–621.  



40 
 

94. Spencer BR, Guo Y, Cable RG, et al. Iron status and risk factors for iron depletion in a 

racially/ethnically diverse blood donor population. Transfusion. 2019;59(10):3146–3156.  

95. Dainty JR, Berry R, Lynch SR, Harvey LJ, Fairweather-Tait SJ. Estimation of Dietary 

Iron Bioavailability from Food Iron Intake and Iron Status. PLoS One. 

2014;9(10):e111824.  

96. Hurrell R, Egli I. Iron bioavailability and dietary reference values. Am J Clin Nutr. 

2010;91(5):1461S-1467S.  

97. Hallberg L, Hulthén L. Prediction of dietary iron absorption: an algorithm for calculating 

absorption and bioavailability of dietary iron. Am J Clin Nutr. 2000;71(5):1147–1160.  

98. Friel JK, Aziz K, Andrews WL, et al. A double-masked, randomized control trial of iron 

supplementation in early infancy in healthy term breast-fed infants. J Pediatr. 

2003;143(5):582–586.  

99. Iannotti LL, Tielsch JM, Black MM, Black RE. Iron supplementation in early childhood: 

health benefits and risks. Am J Clin Nutr. 2006;84(6):1261–1276.  

100. Bruner AB, Joffe A, Duggan AK, Casella JF, Brandt J. Randomised study of cognitive 

effects of iron supplementation in non-anaemic iron-deficient adolescent girls. Lancet. 

1996;348(9033):992–996.  

101. Peña-Rosas JP, De-Regil LM, Garcia-Casal MN, Dowswell T. Daily oral iron 

supplementation during pregnancy. Cochrane Database Syst Rev. 2015;2015(7):1–527.  



41 
 

102. Lönnerdal B, Georgieff MK, Hernell O. Developmental physiology of iron absorption, 

homeostasis, and metabolism in the healthy term infant. J Pediatr. 2015;167(4):S8–S14.  

103. Lönnerdal B. Excess iron intake as a factor in growth, infections, and development of 

infants and young children. Am J Clin Nutr. 2017;106:1681S-1687S.  

104. Paganini D, Zimmermann MB. The effects of iron fortification and supplementation on 

the gut microbiome and diarrhea in infants and children: A review. Am J Clin Nutr. 

2017;106(Suppl 6):1688S-1693S.  

105. Neuberger A, Okebe J, Yahav D, Paul M. Oral iron supplements for children in malaria-

endemic areas. Cochrane Database Syst Rev. 2016;  

106. Georgieff MK, Krebs NF, Cusick SE. The Benefits and Risks of Iron Supplementation in 

Pregnancy and Childhood. Annu Rev Nutr. 2019;39:121–146.  

107. World Health Organization. Malaria. WHO. 2021;  

108. World Health Organization. Soil-transmitted helminth infections. WHO. 

2020;391(10117):252–265.  

109. Olivier M, Van Den Ham K, Shio MT, Kassa FA, Fougeray S. Malarial pigment 

hemozoin and the innate inflammatory response. Front Immunol. 2014;  

110. Cherayil BJ. Pathophysiology of iron homeostasis during inflammatory states. J Pediatr. 

2015;  



42 
 

111. Friedman JF, Kanzaria HK, McGarvey ST. Human schistosomiasis and anemia: The 

relationship and potential mechanisms. Trends Parasitol. 2005;  

112. Crompton DWT, Nesheim MC. Nutritional impact of intestinal helminthiasis during the 

human life cycle. Annu Rev Nutr. 2002;22:35–59.  

113. Cusick SE, Georgieff MK, Rao R. Approaches for reducing the risk of early-life iron 

deficiency-induced brain dysfunction in children. Nutrients. 2018;  

114. Cusick SE, Opoka RO, Ssemata AS, et al. Delayed iron improves iron status without 

altering malaria risk in severe malarial anemia. Am J Clin Nutr. 2020;111(5):1059–1067.  

115. Gordeuk VR, Brannon PM. Ethnic and genetic factors of iron status in women of 

reproductive age. Am J Clin Nutr. 2017;106:1594S-1599S.  

116. Jennings A, Tang J, Gillings R, et al. Changing from a Western to a Mediterranean-style 

diet does not affect iron or selenium status: results of the New Dietary Strategies 

Addressing the Specific Needs of the Elderly Population for Healthy Aging in Europe 

(NU-AGE) 1-year randomized clinical trial in elderly Europeans. Am J Clin Nutr. 2019;  

117. Hu PJ, Ley SH, Bhupathiraju SN, Li Y, Wang DD. Associations of dietary, lifestyle, and 

sociodemographic factors with iron status in Chinese adults: A cross-sectional study in the 

China Health and Nutrition Survey. Am J Clin Nutr. 2017;105(2):503–512.  

118. Harris EL, McLaren CE, Reboussin DM, et al. Serum Ferritin and Transferrin Saturation 

in Asians and Pacific Islanders. Arch Intern Med. 2007;167(7):722.  



43 
 

119. Adams PC, Reboussin DM, Barton JC, et al. Hemochromatosis and iron-overload 

screening in a racially diverse population. N Engl J Med. 2005;  

120. McLaren CE, Barton JC, Adams PC, et al. Hemochromatosis and iron overload screening 

(HEIRS) Study design for an evaluation of 100,000 primary care-based adults. Am J Med 

Sci. 2003;325(2):53–62.  

121. Zakai NA, McClure LA, Prineas R, et al. Correlates of anemia in American blacks and 

whites: the REGARDS Renal Ancillary Study. Am J Epidemiol. 2009;169(3):355–64.  

122.  WHO | Assessing the iron status of populations. WHO. 2014;  

123. CDC, Satcher D, Hughes JM, et al. Recommendations to Prevent and Control Iron 

Deficiency in the United States. MMWR Recomm Rep. 1998;12(47(RR–3)):210.  

124. Hsu WC, Araneta MRG, Kanaya AM, Chiang JL, Fujimoto W. BMI cut points to identify 

at-risk Asian Americans for type 2 diabetes screening. Diabetes Care. 2015;38(1):150–8.  

125. WHO Expert Consultation. Appropriate body-mass index for Asian populations and its 

implications for policy and intervention strategies. Lancet. 2004;363(9403):157–163.  

126. Chang JG, Liu TC, Lin SF. Rapid diagnosis of the HLA-H gene Cys 282 Tyr mutation in 

hemochromatosis by polymerase chain reaction--a very rare mutation in the Chinese 

population. Blood. 1997;89(9):3492–3.  

127. Sohda T, Yanai J, Soejima H, Tamura K. Frequencies in the Japanese Population of HFE 



44 
 

Gene Mutations. Biochem Genet. 1999;37(1/2):63–68.  

128. Ye K, Gu Z. Recent Advances in Understanding the Role of Nutrition in Human Genome 

Evolution. Adv Nutr. 2011;2(6):486–496.  

129. Rahman MM, Abe SK, Rahman MS, et al. Maternal anemia and risk of adverse birth and 

health outcomes in low- and middle-income countries: Systematic review and meta-

analysis. Am J Clin Nutr. 2016;103(2):495–504.  

130. Daru J, Zamora J, Fernández-Félix BM, et al. Risk of maternal mortality in women with 

severe anaemia during pregnancy and post partum: a multilevel analysis. Lancet Glob 

Heal. 2018;6(5):e548–e554.  

131. Siu AL, Albert L. Siu. Screening for Iron Deficiency Anemia and Iron Supplementation in 

Pregnant Women to Improve Maternal Health and Birth Outcomes: U.S. Preventive 

Services Task Force Recommendation Statement. American College of Physicians; 2015.  

 

 

 

 

 

 

 

 

 

 



45 
 

CHAPTER 2 

 

LONGITUDINAL CHANGES IN HEMOGLOBIN AND 

DETERMINANTS OF ANEMIA IN HEALTHY U.S. PREGNANT 

WOMEN*  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Kang W, Irvine C, Pressman EK, O’Brien KO. Longitudinal changes in hemoglobin and 

determinants of anemia in healthy U.S. pregnant women. To be Submitted, The American 

Journal of Clinical Nutrition.   



46 
 

Abstract 

Background: Maternal anemia has been associated with poor birth outcomes. At present 

longitudinal data on hemoglobin concentrations across gestation are lacking and few data are 

available to estimate the current prevalence of anemia among U.S. pregnant women.   

Objective: This study aimed to characterize normative maternal hemoglobin (Hb) distributions, 

the prevalence of anemia and determinants of anemia in a large cohort of healthy U.S. pregnant 

women receiving prenatal care at an urban medical center.  

Methods: A 10-y retrospective medical chart review was undertaken of all healthy pregnancies 

that occurred between 2011 to 2020 at Strong Memorial Hospital and Highland Hospital in 

Rochester, NY. Data on Hb, serum ferritin and health and demographic information were 

abstracted from medical records. Mixed-effects logistic regression models were utilized to identify 

significant determinants of maternal anemia. 

Results: A total of 54,453 pregnancies were identified, of these 41,226 were uncomplicated 

pregnancies that met all study inclusion criteria. Mean Hb concentration was lowest in the second 

trimester and the prevalence of anemia increased in each trimester of pregnancy (P < 0.0001). The 

overall prevalence of anemia was 16.7%, which significantly increased to 25.1% by late gestation. 

Risk factors for anemia included Black race or Hispanic ethnicity, being underweight at entry into 

pregnancy, being multiparous or carrying a multiple birth pregnancy. The current CDC anemia 

cutoffs which reflected the 5th percentile of the reference population represented the 5th, 16th and 

the 27th percentiles of our population in each trimester. 

Conclusions: Anemia was evident in nearly 20% of otherwise healthy U.S. pregnant women and 
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the prevalence of anemia increased significantly as pregnancy progressed. Risk of maternal anemia 

was significantly higher in women that self-identified as Black race, or that were underweight, 

multiparous or carrying a multiple birth pregnancy. Current Hb cut-offs used to define anemia may 

be too low and may overestimate the prevalence of anemia.   
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Introduction 

Maternal anemia is a significant public health problem that is estimated to have an global 

prevalence of 41.8% affecting nearly 56.4 million pregnancies (1). Anemia during pregnancy has 

been associated with poor birth outcomes including increased risks of low birth weight (LBW), 

small-for-gestational age (SGA), preterm birth, stillbirth, perinatal and neonatal mortality (2,3) as 

well as adverse maternal outcomes including postpartum hemorrhage, preeclampsia, blood 

transfusion and maternal mortality (2,4).  

In the United States (U.S.), the 1999-2010 National Health and Nutrition Examination 

Survey (NHANES) reported an overall prevalence of gestational anemia of 2.6% (n = 1,283 

pregnant women) (5), and based on the 2003-2012 NHANES data (n = 776 pregnant women) this 

prevalence increased to 8.8% (6). The trimester specific prevalence of anemia was reported using 

the NHANES 1999-2006 data which found that the risk of anemia increased nearly 5-fold as 

pregnancy progressed from 2.7% (n = 189), 2.2% (n = 416) and 10.8% (n = 384), in the first (T1), 

second (T2) and third (T3) trimester respectively (7). Of concern, the absolute number of pregnant 

women sampled in NHANES surveys has been relatively low, limiting the conclusions that can be 

generated from these cross-sectional data.  

Iron supplementation is commonly used as an effective treatment to combat anemia among 

pregnant women and a review of this practice by the US Preventive Services Task Force (USPSTF) 

in 2015 concluded routine iron supplementation during pregnancy did improve intermediate 

maternal hematologic indexes, such as serum ferritin (SF) and hemoglobin (Hb). However this 

USPSTF review concluded that the existing evidence was insufficient to recommend routine iron 
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supplementation to pregnant women to prevent adverse maternal health and birth outcomes (9). 

The NIH Office of Dietary Supplements followed up on this report with a workshop highlighting 

evidence gaps and research needs on iron screening and supplementation in iron-replete pregnant 

women. One of the key knowledge gaps identified was limited cross-sectional data, and lack of 

longitudinal data on the prevalence of iron deficiency (ID) and iron deficiency anemia (IDA) 

among U.S. pregnant women (9). The existing U.S. Centers for Disease Control and Prevention 

(CDC) cut-offs for gestational anemia were derived from 5th centile values obtained from 

longitudinal Hb data that was pooled from four small European studies undertaken more than 4 

decades ago in healthy iron-supplemented pregnant women (n = 394) (10–13). The characteristics 

of current US pregnant women are dramatically different from the CDC reference populations in 

terms of racial composition, pre-pregnancy BMI (ppBMI) and supplemental iron intake (14).   

To address existing gaps in this literature, we undertook a 10-year retrospective medical 

chart review of healthy pregnant women receiving prenatal care at a large academic medical center. 

Normative data on hemoglobin concentrations were abstracted from medical records to provide 

normative data on maternal Hb concentrations across gestation and to identify factors associated 

with risk of maternal anemia.  
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Methods 

Study population and design 

A retrospective medical chart review was undertaken using demographic and clinical data 

extracted from medical records of all pregnant women receiving prenatal care from 2011 to 2020 

at Strong Memorial Hospital and Highland Hospital in Rochester, NY. Data were extracted from 

medical records by an honest broker and were provided in deidentified form to study 

investigators. This study was approved by the Institutional Review Boards of the University of 

Rochester and Cornell University.  

Information on maternal demographic, anthropometric, and health-related characteristics 

were abstracted from the medical charts. Demographic information obtained included maternal 

age at delivery and self-reported race and ethnicity. Anthropometric data included maternal 

height measured during T1, self-reported pre-pregnancy body weight, and maternal weight 

across trimesters. BMI was calculated as weight [kg] / height2 [m2].  Women were classified into 

one of four BMI categories according to the CDC guidelines based on self-reported ppBMI as: 

underweight (< 18.5 kg/m2); normal weight (18.5 to <25.0 kg/m2); overweight (25.0 to <30.0 

kg/m2); obese, (30.0 to < 40 kg/m2) or severely obese (≥ 40.0 kg/m2) (17). Gestational weight 

gain (GWG) in kg was calculated as weight at the latest T3 measure obtained minus the pre-

pregnancy weight. Health-related information included self-reported smoking status, whether 

women received any blood transfusions over gestation and if prenatal vitamins were prescribed 

during antenatal visits. Smoking status was reported as “never smoked”, “passive smoking”, 
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“quit smoking” or “currently smoking” based on information present in the medical records. In 

addition, data were also abstracted on gestational age at delivery, number of prenatal care visits, 

parity, multiple birth delivery, use of assisted reproduction technologies, delivery type (vaginal, 

C-section, vaginal birth after a cesarean section (VBAC), or other). Adequacy of prenatal care 

was determined using the Adequacy of Prenatal Care Utilization Index which was evaluated 

based on the timing of entry into prenatal care, total number of prenatal visits, and gestational 

age at delivery using Kotelchuck’s method (18). Race was self-reported and classified into four 

categories as Asian (Asian, Asian Indian, Bangladeshi, Bhutanese, Burmese, Cambodian, 

Chinese, Filipino, Indonesian, Japanese, Korean, Laotian, Nepalese, Pakistani, Sri Lankan, Thai, 

Vietnamese), Black (Black or African American), White (White or Caucasian), or Other 

(American Indian or Alaskan Native, Native Hawaiian or Other Pacific Islander, Other, Other 

Pacific Islander, Samoan, Solomon Islander, Tahitian, Unknown or Patient Refused). Ethnicity 

was self-reported and classified as Hispanic, Non-Hispanic or Unknown.  

All available Hb and SF data obtained across gestation were extracted from medical 

records. Hemoglobin analyses at the Strong Memorial Hospital and Highland Hospital were 

undertaken using the Cell-Dyn 4000 system (Abbott, Santa Clara, CA) in a CLIA certified 

laboratory. Serum ferritin concentrations were measured by Roche Cobas e601/e602 (Roche 

Diagnostics Rotkreuz, Switzerland). For women that had multiple Hb measurements obtained 

within the same trimester of pregnancy, the mean Hb concentration of the multiple values within 

each trimester was used for analysis purposes and the mean gestational age of the replicate 

measures was used as the time of measure. For women who had two Hb measurements (n = 154) 
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on the delivery date, the higher Hb value was used in data analyses. Anemia was defined using the 

CDC criteria as a Hb concentration < 11.0 g/dL in T1 or T3, or < 10.5 g/dL during T2. Data were 

also evaluated using race adjusted cutoffs to define anemia in Black women, whereby cut-offs 

were lowered by 0.8 g/dL as indicated by the CDC (19). Analyses were undertaken with and 

without this race adjustment factor. We also examined outcomes associated with elevated Hb 

concentration defined as either a Hb concentration greater than 13.0 g/dL (as Hb concentrations 

above this value have been associated with adverse health outcomes (2), or defined as a Hb 

concentration greater than 15.0 g/dL, as this was the 95th percentile of Hb concentrations based on 

data from the CDC reference population (19).  

Statistical analyses 

Descriptive statistics were used to summarize characteristics of pregnant women, as the 

mean ± standard deviation (SD), or median (interquartile range (IQR)) for continuous variables 

or counts and percentages for categorical variables. The distribution of Hb concentrations in each 

trimester was examined. Histograms were used to visualize the Hb distribution across each 

trimester and smoothed lines were fit to characterize distributions. Mean and standard deviation 

(SD) of Hb and the 3rd, 5th, 95th and 97th percentiles of Hb concentrations in each trimester were 

calculated. Possible differences in Hb concentrations between trimesters or sub-groups of the 

population were evaluated using mixed-effects linear regression models setting mother as the 

random effect to account for women that contributed more than one pregnancy over the 10-year 

study period. Least-square means were calculated in the post-hoc analyses when evaluating 

pairwise comparisons between trimesters. The overall p-values of the mixed-effects linear 



53 
 

regression models were calculated by F-tests. Possible differences in the prevalence of anemia 

and elevated Hb concentrations between trimesters were examined by mixed-effects logistic 

regression models. To identify risk factors associated with anemia and elevated Hb, mixed 

effects multiple logistic regression models were utilized controlling for trimester of pregnancy. 

The overall p-values of the mixed effects logistic regression models were obtained using Wald 

chi-square tests. Risk of anemia was evaluated using odds ratios (OR) with a 95% confidence 

interval. Statistical significance was defined as P < 0.05. All statistical analyses were conducted 

using R (version 4.0.3). 

 

Results 

Characteristics of the study population 

Over the 10-year period from 2011-2020 a total of 54,453 pregnancies occurred. Of 

these, pregnancies that did not end in a live birth (n = 823), pregnancies that occurred to women 

diagnosed with diabetes (both gestational diabetes or type 1 or type 2 diabetes) (n = 3,829), 

autoimmune diseases (n = 121), HIV infection (n = 64), gastrointestinal disorders (n = 624), 

hemoglobinopathies (n = 385), hypertension including eclampsia and preeclampsia (n = 7,838), 

and thrombocytopenia (n = 130) were excluded resulting in a database that included 42,117 

pregnancies that occurred to 31,158 women. The final data set was further cleaned to eliminate 

datapoints that were deemed to be biologically implausible and were attributed to data entry 

errors. These included Hb concentrations greater than 20.0 g/dL (n = 5) or less than 5.0 g/dL (n = 
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7), body weight < 35.0 kg (n = 16) or > 300.0 kg (n = 6), or height >2.0 m (n = 8) or < 1.2 m (n = 

16). After further excluding healthy pregnancies without any Hb data available in the medical 

chart (n = 891), the final analytic sample included 41,226 births that occurred in 30,603 women 

(Figure 2.1).  

Of all 54,453 pregnancies occurred between 2011-2020, 5% (n = 2,752) had no available 

Hb data, and of the 42,117 uncomplicated pregnancies, 2% (n = 888) had no Hb data in the 

medical record.  

Figure 2.1 Flow chart of the study population identified from the retrospective medical 

chart review. 
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For pregnancies remaining in the final analytic sample, an average of 2.5 Hb measures were 

obtained across gestation. Of the Hb measures obtained, 28.6% were obtained in T1, 14.4% were 

obtained during T2 and 57.0% were obtained during T3. In our cohort, 78% of pregnancies had 

Hb measured in more than 2 trimesters: 4821 (12%) pregnancies had Hb measured in all three 

trimesters and 27,300 (66%) pregnancies had Hb measures in two trimesters. Of pregnancies that 

had longitudinal Hb measures (n = 32,121) in different trimesters of pregnancy, 0.5% (n = 168) 

had Hb measures in T1 and T2, 63.3% (n = 20,331) had Hb measures in T1 and T3, 21.2% (n = 

6,801) had Hb measures in T2 and T3, and 15.0% (n = 4,821) had Hb measures in all three 

trimesters. Only 2.3% of the final pregnancy sample (n = 948) had SF data in their medical 

record. When obtained, the majority of SF analyses (41.2%) were obtained during T3, followed 

by T1 (30.2%) and T2 (28.5%). Among pregnancies with available SF data, 20% (n = 192) had 

more than one SF measurement obtained across pregnancy. 

Characteristics of women in this study population are presented in Table 2.1. Only a 

small percentage of pregnant women receiving care were adolescents (≤ 19 y of age). The 

majority of women self-identified their race/ethnicity as White and non-Hispanic. The mean pre-

pregnancy BMI fell slightly over the normal weight category, but the majority of women 

(74.5%) had missing pre-pregnancy BMI data in their medical chart (Table 2.1). Among all 

pregnancies with pre-pregnancy BMI data available, 44.4% of women were of normal BMI, 

3.3% were underweight, 25.2% were overweight, 21.3% were obese and 5.9% were severely 

obese (≥ 40.0 kg/m2) (data not shown). Almost half of the pregnancies with a known number of 

prenatal care visits (46.7%) were categorized as having Inadequate prenatal care based on the 
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Adequacy of Prenatal Care Utilization Index (Table 2.1). After preliminary analyses, the 

“currently smoking” (n = 3,097) and “passive smoking” (n = 180) groups had Hb concentrations 

that did not significantly differ and thus these were grouped together in the following analyses to 

increase the statistical power. 

Table 2.1 Characteristics of pregnant women  

Variable Groups Mean (SD) or 

Median (IQR) 

N (%) 

Age (y) 29.8 (5.5) * 41,226 (100) 

 Adolescents < 20 y  18 (2) 1,405 (3.4) 

 Adults ≥ 20 y 30.2 (5.2) * 39,821 (96.6) 

Race  -  

 Asian - 1,594 (3.9) 

 Black  - 8,325 (20.2) 

 White - 27,417 (66.5) 

 Other - 3,890 (9.4) 

Ethnicity  -  

 Hispanic                      - 3,556 (8.63) 

 Non-Hispanic - 36,061 (87.5) 

 Unknown - 1,609 (3.90) 

Pre-pregnancy BMI (kg/m2) 25.4 (8.7) 10,507 (25.5) 

 Underweight (< 18.5) 17.8 (1.0) 350 (0.9) 

 Normal weight (18.5 - < 25) 22.0 (1.7) * 4,665 (11.3) 

 Overweight (25.0 - < 30) 27.3 (1.4) * 2,643 (6.4) 

 Obese (30.0 - < 40) 34.1 (2.8) * 2,233 (5.4) 

 Severe Obesity (>= 40.0) 43.8 (5.4) 616 (1.8) 

 Missing BMI data - 30,719 (74.5) 

Gestational weight gain (kg) 8.7 (5.7) * - 

 Underweight (< 18.5) 10.0 (5.3) - 

 Normal weight (18.5 - < 25) 9.8 (5.4) - 

 
Overweight (25.0 - < 30) 

8.9 (5.3) * 

 

- 

 Obese (30.0 - < 40) 6.3 (6.2) * - 

 Severe Obesity (>= 40.0) 3.6 (8.2) - 

Parity  1 (2) 41,174 (99.9) 

 Nulliparous (Parity = 0) 0 (0) 16,330 (39.6) 

 Primiparous (Parity = 1)  1 (0) 14,056 (34.1) 

 Multiparous (Parity > 1) 2 (1) 10,788 (26.2) 

 Unknown  - 52 (0.1) 
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Table 2.1 (Continued)   

Use of assisted reproduction technology   

 Yes  - 271 (0.7) 

 No - 40,955 (99.3) 

Blood transfusion during pregnancy -  

 Yes  - 588 (1.4) 

 No  40,638 (98.6) 

Gestational weeks at delivery  39 (2) 41,226 (100) 

 Preterm (< 37 weeks) 34 (4) 3,533 (8.6) 

 Not preterm (≥ 37 weeks) 39 (1) 37,693 (91.4) 

Multiple pregnancy -  

  No - 40,278 (97.7) 

  Yes - 920 (2.2) 

 Unknown  - 28 (0.1) 

Delivery type -  

 Vaginal  - 29,593 (71.8) 

 C-section - 10,801 (26.2) 

 VBAC - 442 (1.1) 

 Other - 38 (0.1) 

 Unknown - 354 (0.8) 

Adequacy of Prenatal Care Utilization Index   

 Inadequate - 6,640 (16.1) 

 Intermediate  - 1,000 (2.4) 

 Adequate  - 3,365 (8.2) 

 Adequate Plus - 3,202 (7.8) 

 Unknown  27,019 (65.5) 

Vitamins prescribed during pregnancy -  

 Yes - 14,346 (34.8) 

 No - 26,880 (65.2) 

Smoking status -  

 Never - 27,464 (66.6) 

 Passive or Yes - 3,277 (8.0) 

 Quit - 8,033 (19.5) 

 Not Asked or Unknown  - 2,452 (5.9) 

* Data are presented as Median (IQR). VBAC, vaginal birth after a cesarean section. 

 

Hemoglobin distributions among pregnant women 

Table 2.2 summarizes Hb data, and the prevalence of anemia or elevated Hb in each 

trimester. Using all available Hb data, mean Hb averaged 12.0 g/dL; the prevalence of anemia 
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and Hb > 13 g/dL or Hb >15g/dL was 16.7%, 20.2% and 0.3% respectively. Because there were 

too few pregnant women with Hb concentrations greater than 15.0 g/dL, statistical analyses 

using this definition of elevated Hb were not used in further group analyses. The mean non-race 

adjusted Hb concentrations were significantly higher in T1 (P < 0.0001), compared to both T2 

and T3 but Hb concentrations did not significantly differ between T2 and T3 (P = 0.4). The 

prevalence of anemia increased significantly across pregnancy, being highest in T3 (P < 0.0001) 

(Table 2.2). When anemia classifications were adjusted for race, the prevalence of anemia 

decreased by approximately 4 percentage points (i.e. from 16.7% to 12.8%). The 5th percentiles 

of the observed Hb concentration in the group as a whole at T1, T2, and T3 was 11.0 g/dL, 9.8 

g/dL and 9.6 g/dL respectively. The recommended CDC anemia cutoffs selected as the 5th 

percentile of their reference population represented the 5th, 16th and 27th percentile of our data 

distribution in each respective trimester (Figure 2.2).  
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Figure 2.2 Hemoglobin distributions across gestation. Blue lines reflect the 5th percentile of 

the CDC reference data, red lines reflect the 5th percentile of our study population. 

 

The 95th percentile (15.0 g/dL) of the CDC reference Hb distribution used to define an elevated 

Hb concentration was above the 99th percentile of the observed Hb concentration in our cohort. 

The highest observed Hb concentration was found at 4 weeks of gestation (13.1 g/dL) and the 

nadir of the Hb distribution was found at 30 weeks of gestation (11.0 g/dL). Values rose from 30 

weeks of gestation until 40 weeks of gestation (Figure 2.3).  
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Figure 2.3 Hemoglobin concentrations across gestation. Dots reflect the mean hemoglobin 

concentration observed at each gestational week presented for each racial group. Error bars 

reflect the 95% confidence intervals of the mean. 

 

Table 2.2 Hemoglobin concentrations and anemia/elevated hemoglobin prevalence across gestation  

  Total         T1        T2 T3 P-value1 

Hb concentrations (g/dL)      < 0.0001 

 Mean 

(SD) 

12.0 

(1.2) 

12.6  

(1.0) 

11.6  

(1.1) 

11.8  

(1.3) 

 

 Min 5.4 5.9 6.1 5.4  

 Max 18.6 18.6 16.9 16.6  

 3rd %ile  9.5 10.7 9.4 9.2  

 5th %ile 9.9 11.0 9.8 9.6  

 Median 12.1 12.7 11.6 11.8  

 95th %ile 13.9 14.1 13.3 13.8  

 97th %ile 14.1 14.3 13.6 14.1  

Anemia prevalence % 16.7 4.5 14.0 25.1 < 0.0001 

Anemia prevalence (race adjusted) % 12.8 2.9 8.6 20.3 < 0.0001 

Elevated Hb (Hb > 13 g/dL) % 20.2 32.9 8.2 15.7 < 0.0001 

Elevated Hb (Hb > 15 g/dL) % 0.3 0.4 0.1 0.3 - 
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1 Differences between hemoglobin concentrations among trimesters were analyzed by F-tests. Differences 

between anemia prevalence or elevated hemoglobin between trimesters were analyzed by Wald chi-

squared tests. T1= first trimester; T2 = second trimester; T3 = third trimester. 

 

Hemoglobin concentration comparisons between subgroups of study population 

Hemoglobin concentration comparisons between sub-groups are presented in Table 2.3. 

Adult pregnant women had significantly higher Hb concentrations (+0.6 g/dL, P < 0.0001) than 

observed among pregnant adolescents. Mean Hb concentrations were significantly lower among 

Black women in each trimester on average by -0.8 (T1), -0.7 (T2), and -1.0 g/dL (T3) when 

compared to White women (P < 0.0001). White women had the highest Hb concentrations in T1 

and T2 (12.8 ± 0.9, 11.9 ± 1.0 g/dL), while Asian women had the highest Hb concentrations in 

T3 (12.2 ± 1.2 g/dL, n = 1,577, P < 0.0001) (Figure 2.3). Black women had lowest Hb 

concentrations in all trimesters compared to other racial groups (12.0 ± 1.1, 11.2 ± 1.1, and 11.0 

± 1.3g/dL, P < 0.0001). In addition, non-Hispanic women (n = 3,556) had significantly higher 

Hb concentrations when compared to Hispanic women (n = 36,061) across gestation (P < 

0.0001). Pregnant women with a normal or overweight ppBMI (n = 7,308) had significantly 

higher Hb concentrations (P < 0.0001) compared to means observed in underweight or obese 

women (n = 3,199). Pregnant women who were classified as receiving Inadequate prenatal care 

had significantly higher Hb concentrations (P < 0.0001) than other groups (Table 2.3). 

Interestingly, there were more White, Asian women (P < 0.0001), more non-Hispanic women (P 

< 0.0001), more nulliparous women (P < 0.0001) and more adolescents (P = 0.0013) were 

categorized as receiving Inadequate prenatal care. Pregnant women who stated that they never 
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smoked had significantly (P < 0.0001) higher Hb concentrations than women who smoked 

during pregnancy (Table 2.3). 

 

Table 2.3 Mean hemoglobin concentrations as a function of key study variables 

  Hb (g/dL) Overall P-value1 

Age (y)   < 0.0001 

 Adolescent (< 20 y) 11.4 (1.2) a  

 Adult (≥ 20 y) 12.0 (1.2) b  

Race    < 0.0001 

 Asian 12.2 (1.1) a   

 Black  11.3 (1.2) b   

 White 12.3 (1.1) c  

 Other 11.8 (1.2) d  

Ethnicity    < 0.0001 

 Hispanic                      11.8 (1.2) a  

 Non-Hispanic 12.0 (1.2) b  

Pre-pregnancy BMI (kg/m2)  < 0.0001 

 Underweight (< 18.5) 11.6(1.4) ab  

 Normal weight (18.5 - < 25) 11.9 (1.3) c  

 Overweight (25.0 - < 30) 11.9 (1.3) c  

 Obese (30.0 - < 40) 11.8 (1.2) a  

 Severe Obese (>= 40.0) 11.6 (1.4) b  

Parity   < 0.0001 

 Nulliparous (Parity = 0) 12.2 (1.2) a  

 Primiparous (Parity = 1) 12.1 (1.2) b  

 Multiparous (Parity > 1) 11.7 (1.3) c  

Blood transfusion during pregnancy  < 0.0001 

 Yes  11.0 (1.8) a  

 No 12.0 (1.2) b  

Gestational weeks at delivery  < 0.0001 

 Preterm (<37 weeks) 11.7 (1.3) a  

 Not preterm (≥ 37weeks) 12.1 (1.2) b  

Multiple pregnancy   < 0.0001 

 Singleton 12.0 (1.2) a  

 Multiples  11.6 (1.4) b  

Delivery type  < 0.0001 

 Vaginal  12.1 (1.2) a  

 C-section 12.0 (1.3) b  

 VBAC 11.9 (1.3) ab  

 Other 11.9 (1.2) ab  
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Table 2.3 (Continued)   

Adequacy of Prenatal Care Utilization Index  < 0.0001 

 Inadequate 12.0 (1.3) a  

 Intermediate  11.7 (1.3) b  

 Adequate  11.9 (1.2) b  

 Adequate Plus 11.8 (1.3) b  

Vitamins prescribed during pregnancy  < 0.0001 

 Yes 11.9 (1.3) a  

 No 12.1 (1.3) b  

Smoking status  < 0.0001 

 Never 12.1 (1.2) a  

 Quit 11.9 (1.2) b  

 Yes or Passive 11.7 (1.3) c  

Data are presented as mean   SD. Different superscripts indicate a significant difference in hemoglobin 

concentrations between sub-groups using mixed linear regression models. VBAC, vaginal birth after a 

cesarean section. 
1 Possible difference in hemoglobin concentrations between trimesters were evaluated using F-tests. 

 

Anemia and high hemoglobin prevalence comparisons between subgroups of study population 

In the group as a whole, nearly 1 in 5 pregnant women were anemic at one point over the 

course of gestation. Not surprisingly, factors that were associated with the prevalence of anemia 

(Table 2.4) were similar to the factors found to be associated with maternal Hb concentrations. 

The prevalence of anemia was highest among Black women in each trimester of pregnancy 

(13.6%, 24.2% and 47.6%), while White women had the lowest prevalence of anemia in the T1 

(2.0%) and T2 (7.9%), Asian women had the lowest prevalence of anemia in T3 (15.3%). The 

prevalence of anemia increased by 8-fold from T1 (2.0%) to T3 (18.3%) in White women, by 
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2.5-fold (from 13.6% to 47.6%) in Black women, while only by 1.7-fold in Asian women (from 

5.7% to 15.3%) (Figure 2.4).  

Figure 2.4 Self-reported racial groups and anemia prevalence. (*) indicates significant 

difference in anemia prevalence among racial groups in each trimester (P < 0.0001). (a, b, c) 

indicate significant difference in anemia prevalence among trimesters (P < 0.0001). 

 

After race-adjusting the anemia cut-off for Black women, the prevalence of anemia remained 

significantly higher among Black women compared to Asian women and White women (P < 

0.001) (Table 2.4). Women who were classified as underweight or severely obese based on 

ppBMI were 2 times more likely to be anemic compared to women with normal or overweight 

ppBMI (P < 0.001). Prevalence of obesity or severe obesity was 2 times higher among Black 

women compared to White women and prevalence of being underweight was 2.4 times higher 

among Asian women using ppBMI. Both ppBMI category and race were independently 

significantly associated with anemia. Multiparous and primiparous women were 4.6 and 2.3 
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times more likely to have anemia compared to nulliparous pregnant women (P < 0.0001). 

Women who were carrying a multiple pregnancy had almost 6-fold increased risk of gestational 

anemia compared to women carrying a singleton pregnancy (P < 0.0001). Unexpectedly, 

pregnant women who either smoked during pregnancy or were exposed to secondhand smoke 

were 2 times more likely to be anemic compared to women who had never smoked cigarettes (P 

< 0.0001). The comparisons of prevalence of elevated Hb between sub-groups are shown in the 

Table 2.5. 

 

Table 2.4 Prevalence of anemia as a function of key study variables 

  Anemia 

(%) 

Pairwise 

P-value 

Overall 

P-value 

Anemia (race 

adjusted) (%) 

Pairwise 

P-value 

Overall 

P-value 

Age (y)    0.80   0.17 

 Adolescent (< 20 y) 30.2 -  19.5 -  

 Adult (≥ 20 y) (Ref) 16.2 0.80  12.6 0.09  

Race     <0.0001   <0.0001 

 Asian 11.3 0.99  11.3 1.0  

 Black  32.9 <0.0001  14.5 0.0009  

 White (Ref) 11.3 -  11.3 -  

 Other 19.7 <0.0001  19.7 <0.0001  

Ethnicity     <0.0001   <0.0001 

 Hispanic                      21.6 <0.0001  20.3 -  

 Non-Hispanic (Ref) 16.3 -  12.1 <0.0001  

Pre-pregnancy BMI (kg/m2)  < 0.0001   0.23 

 Underweight (< 18.5) 26.9 0.0004  20.2 0.18  

 Normal weight (18.5 - < 25) (Ref) 18.7 -  14.1 -  

 Overweight (25.0 - < 30) 20.3 0.14  14.1 1.0  

 Obese (30.0 - < 40) 20.8 0.008  13.1 1.0  

 Severely Obese (>= 40.0) 26.4 <0.0001  15.3 0.92  

Parity     <0.0001   <0.0001 

 Nulliparous (Parity = 0) (Ref) 13.0 -  9.8 -  

 Primiparous (Parity = 1  15.9 <0.0001  12.7 <0.0001  

 Multiparous (Parity > 1) 23.0 <0.0001  17.2 <0.0001  

Multiple pregnancy   < 0.0001   <0.0001 

 Singleton (Ref) 16.4 -  12.5 -  

 Multiples  26.6 <0.0001  23.8 <0.0001  
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Table 2.4 (Continued)        

Adequacy of Prenatal Care Utilization Index   <0.0001   0.10 

 Inadequate 19.5 <0.0001  14.3 0.17  

 Intermediate  25.2 0.29  17.2 0.98  

 Adequate (Ref) 20.4 -  13.8 -  

 Adequate Plus 20.2 0.96  13.9 0.38  

Smoking status    <0.0001   <0.0001 

 Never (Ref) 15.7 -  12.1 -  

 Quit 18.0 0.0006  13.7 <0.0001  

 Yes or Passive 23.4 <0.0001  16.9 0.02  

Differences between anemia prevalence among sub-groups were analyzed by mixed logistic 

model from Wald chi-squared tests. (Ref) indicates the reference group for each group 

comparison. 

 

 

Table 2.5 Prevalence of elevated hemoglobin concentrations (> 13.0 g/dL) as a function of 

key study variables 

  Elevated Hb 

(Hb > 13) (%) 

Pairwise 

P-value 

Overall 

P-value 

Age (y)    < 0.0001 

 Adolescent (< 20 y) 8.9 -  

 Adult (≥ 20 y) (Ref) 20.6 < 0.0001  

Race     <0.0001 

 Asian 21.1 0.0005  

 Black  6.8 <0.0001  

 White (Ref) 25.1 -  

 Other 15.3 <0.0001  

Ethnicity     <0.0001 

 Hispanic                      13.4 <0.0001  

 Non-Hispanic (Ref) 20.8 -  

Pre-pregnancy BMI (kg/m2)   < 0.0001 

 Underweight (< 18.5) 13.8 0.49  

 Normal weight (18.5 - <25) (Ref) 17.9 -  

 Overweight (25.0 - < 30) 16.9 0.80  

 Obese (30.0 - < 40) 13.9 <0.0001  

 Severe Obese (>= 40.0) 9.8 <0.0001  

Parity     <0.0001 

 Nulliparous (Parity = 0) (Ref) 23.1 -  

 Primiparous (Parity = 1  21.0 <0.0001  

 Multiparous (Parity > 1) 14.8 <0.0001  

Multiple pregnancy    < 0.0001 

 Singleton (ref) 20.3 -  

 Multiples  13.5 <0.0001  
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Table 2.4 (Continued)     

Adequacy of Prenatal Care Utilization Index   <0.0001 

 Inadequate 18.3 0.0002  

 Intermediate  13.6 1.00  

 Adequate (ref) 16.2 -  

 Adequate Plus 16.4 0.72  

Smoking status    <0.0001 

 Never (ref) 21.0 -  

 Quit 18.2 <0.0001  

 Yes or Passive 15.0 <0.0001  

Differences between elevated hemoglobin prevalence among sub-groups were analyzed using 

mixed logistic models from Wald chi-squared tests. (Ref) indicates the reference group for each 

group comparison. 

 

Determinants of anemia during pregnancy 

Determinants of anemia are presented in Table 2.6. Because 75% of pregnancies had 

missing ppBMI data, models were constructed including and excluding ppBMI as an 

independent variable. When maternal ppBMI was included in the model as an independent 

variable, variables found to be associated with a significantly higher odds ratio for anemia 

included Hb measurement during T2 or T3 of pregnancy; adolescent mother; Black or Other 

racial group, Hispanic ethnicity; being underweight; higher parity, carrying multiple fetuses, and 

smoking/passive smoking during pregnancy. In models that used race adjusted anemia cutoffs, 

maternal age, being of Black race or Hispanic ethnicity, and self-reported history of smoking 

during pregnancy were no longer statistically associated with anemia. When maternal ppBMI 

was excluded in the models, findings were similar to the results obtained using ppBMI, but 

pregnant adolescents and those who smoked during pregnancy had a significantly higher odds 

ratio for anemia using either the race-adjusted or non-race adjusted anemia cutoffs. The smoking 
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status association with Hb contradicts some findings on the impact of smoking on Hb 

concentrations reported in other studies carried out in non-pregnant adults. Cigarette smoking 

has been found to right shift the Hb distribution curve and Hb concentrations are often elevated 

in smokers compared with non-smokers as a response to the hypoxia caused by smoking (26). 

However, several previous studies in pregnant women have reported that smoking was 

associated with decreased Hb levels and increased risk of IDA (27–30). Although anemia risk 

factors including multiparity, underweight and being of Black race were associated with higher 

prevalence of smoking during pregnancy in our cohort, the odds ratio for anemia was still 

significantly higher in smokers after controlling for these variables. It is possible that other risk 

factors for anemia during pregnancy have a more pronounced effect on Hb concentrations, but 

our study was not designed to answer this question. 
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Table 2.6. Determinants of anemia   

 ppBMI included as an independent variable (n = 10,279) ppBMI not included as an independent variable (n = 37,416) 

 Anemia (R2 = 0.67)  Adjusted anemia 

(R2 = 0.98) 

 Anemia (R2 = 0.77)  Adjusted Anemia 

(R2 = 0.97) 

 

Variables  OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value 

Trimesters  

First  Ref - Ref - Ref - Ref - 

Second  2.8 (2.3, 3.3) < 0.0001 7.1 (5.2, 9.7) < 0.0001 3.5 (3.1, 3.98) < 0.0001 6.4 (5.4, 7.7) < 0.0001 

Third  20.6 (17.3 24.7) < 0.0001 1,603.8  

(1,128.6, 2,279.0) 

< 0.0001 26.1 (22.5, 30.4) < 0.0001 386.0 

(324.4, 459.4) 

< 0.0001 

Maternal age at delivery (y) 

Adolescent (< 20 y) 1.9 (1.4,2.4) < 0.0001 1.6 (0.8, 2.8) 0.13 2.0 (1.6, 2.4) < 0.0001 1.7 (1.3, 2.4) 0.0008 

Adult (≥ 20 y)  Ref - Ref - Ref - Ref - 

Race 

Asian 1.1 (0.8, 1.7) 0.52 1.1 (0.5, 2.5) 0.88 1.2 (0.9, 1.5) 0.15 1.2 (0.8, 1.8) 0.35 

Black  7.4 (6.2 8.8) < 0.0001 1.0 (0.7, 1.4) 0.94 13.2 (11.1, 15.7) < 0.0001 1.2 (1.0, 1.5) 0.05 

White  Ref  Ref  Ref  Ref  

Other 2.2 (1.7, 2.9) < 0.0001 2.0 (1.16, 3.7) 0.02 2.4 (2.0, 2.9) < 0.0001 2.0 (1.4, 2.8) < 0.0001 

Ethnicity 

Hispanic                      1.3 (1.0, 1.7) 0.02 1.4 (0.8, 2.4) 0.21 1.7 (1.4, 2.1) < 0.0001 1.7 (1.2, 2.3) 0.0009 

Non-Hispanic  Ref  Ref  Ref  Ref  

Pre-pregnancy BMI (kg/m2) 

Underweight (< 18.5) 1.7 (1.2, 2.3) 0.003 2.2 (1.1, 4.4) 0.03 - - - - 

Normal weight (18.5 - < 25)  Ref - Ref - - - - - 

Overweight (25.0 - < 30) 1.0 (0.8, 1.1) 0.83 0.9 (0.6, 1.2) 0.35 - - - - 

Obese (30.0 - < 40) 0.8 (0.7, 0.9) 0.006 0.7 (0.5, 1.1) 0.13 - - - - 

Severe Obese (>= 40.0) 1.2 (0.9, 1.5) 0.30 0.9 (0.5, 1.7) 0.79 - - - - 

Parity 

Nulliparous (Parity = 0)  Ref  Ref  Ref  Ref  

Primiparous (Parity = 1  1.9 (1.6, 2.2) < 0.0001 2.9 (2.2, 4.0) < 0.0001 1.8 (1.7, 2.0) < 0.0001 2.6 (2.3, 3.0) < 0.0001 

Multiparous (Parity > 1) 2.8 (2.4, 3.3) < 0.0001 4.7 (3.4, 6.6) < 0.0001 3.0 (2.7, 3.4) < 0.0001 4.6 (3.9, 5.4) < 0.0001 
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Table 2.6 (Continued) 

Multiple pregnancy 

Singleton  Ref  Ref  Ref  Ref  

Multiples  3.8 (2.6, 5.6) < 0.0001 16.3 (6.3, 42.1) < 0.0001 3.9 (3.1, 5.0) < 0.0001 7.2 (5.0, 10.5) < 0.0001 

Smoking status 

Never  Ref  Ref  Ref  Ref  

Quit 1.0 (0.9, 1.2) 0.64 1.0 (0.7, 1.4) 0.90 1.2 (1.1, 1.3) 0.001 1.2 (1.0, 1.4) 0.11 

Yes or Passive 1.3 (1.0, 1.6) 0.03 1.5 (1.0, 2.4) 0.07 1.6 (1.3, 1.8) < 0.0001 1.5 (1.2, 2.0) 0.0006 

ORs indicate adjusted odds ratio of anemia analyzed by the mixed effect multiple logistic regression models. (Ref) indicates the 

reference group for each group comparison. ppBMI, pre-pregnancy body mass index. 
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Discussion 

This retrospective medical chart review of 41,226 pregnancies that occurred in a group of 

30,603 healthy US pregnant women provided cross-sectional and longitudinal data on Hb 

concentrations across gestation. Anemia was evident in 16.7 % of these otherwise healthy 

pregnant women receiving standard prenatal care. The prevalence of anemia increased as 

pregnancy progressed, such that by late pregnancy fully 25% of women evaluated for anemia 

during the third trimester of pregnancy were anemic. Notably, the current CDC anemia cutoffs 

based on the 5th percentile of the reference population in each trimester of pregnancy actually 

represented the 5th, 16th and the 27th percentiles of our population in T1, T2 and T3 respectively. 

Risk factors for anemia included Black race or Hispanic ethnicity, being underweight at entry 

into pregnancy, being multiparous or carrying a multiple birth pregnancy. The prevalence of 

anemia across gestation was lowest among White and Asian women, and risk of elevated Hb 

concentrations was highest among White and Asian women.  

The overall prevalence of anemia in this large cohort of women was 2 – 6.5 times higher 

than previously reported using national NHANES survey data (5–7). Evaluating data by 

trimester, the prevalence of anemia in each trimester remained more than 2 times higher than 

reported in the 1999-2006 NHANES survey (7). Although the 1999-2010 NHANES data only 

included singleton pregnancies, their pregnant population included a higher percentage of 

adolescents (6.3% vs. 3.4%) and a lower percentage of White women (53.5% vs. 66.5%) 

compared to our study population. In spite of having a greater percentage of women with these 
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two risk factors that we have identified as being associated with increased risk of anemia, the 

anemia prevalence they reported was markedly higher than that observed in our far larger cohort 

of women. The reasons for these discrepancies are unknown but may be impacted by the 

relatively small size of the NHANES study population (n = 1,283). 

Notably, the current CDC anemia cutoffs that were identified as the 5th percentile of the 

reference population in each trimester of pregnancy reflected the 5th, 16th and the 27th percentiles 

of this much larger obstetric population in T1, T2 and T3 respectively. Recent Hb data obtained 

using pooled data from 257 population-representative data sources from 107 countries 

worldwide reported an average Hb of 11.4 g/dL in the group as a whole and from the figure 

presented in their paper it appears that the 5th percentile of their Hb distribution was also 

markedly lower than reported in the CDC data (Figure 2.5) (15).  

Figure 2.5 Global distributions of hemoglobin concentration for pregnant and non-pregnant 

women in 2011 presented by Steven et al. 
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The results of a recent international study presenting the Hb distributions in 3,502 healthy 

women pregnant carrying singletons also reported findings comparable to ours in that their 

reported 5th centile value at T2 and T3 (from 9.7 to 10.4 g/dL) were also lower than those 

currently utilized by the CDC (16). Hemoglobin concentrations higher than 9.5 g/dL-11.0 g/dL 

have found to be associated with higher risks of preeclampsia, prematurity, and fetal growth 

restriction (21), thus the current CDC reference anemia cutoffs may not be representative of 

current Hb distributions and if so this would overestimate the prevalence of anemia.  

Interestingly, the 5th percentile of our cohort was the same as the CDC reference 

population in T1, but the Hb distribution shifted to the left in T2 and shifted to a larger extent in 

T3 in our population. One possible explanation might relate to the much larger dose of 

supplemental iron ingested by the CDC reference cohort. The European populations used to 

generate the CDC reference data ingested between 65 to 200 mg of supplemental iron per day 

which 2-7 times higher than the current US Recommended Dietary (27 mg/d) (14). In these 

European studies, the authors found that pregnant women receiving these high doses of oral iron 

supplementation during pregnancy maintained their iron stores and maintained normocytic 

erythropoiesis through T3, while compromised erythropoiesis was evident in non-iron 

supplemented women (10,11,13). We speculate that the current lower doses of iron 

supplementation may lead to the left shifted Hb distribution observed in our cohort. The CDC 

reference population was obtained in a cohort of women who were not representative of the 

current US pregnant population in regard to race/ethnic composition, ppBMI and supplemental 

iron intake (14). Larger more diverse cohorts of women that better resemble the racial and ethnic 
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composition and ppBMI distribution of the current US obstetric population, and that are 

ingesting supplemental iron intakes consistent with recent recommendations are needed to 

characterize anemia cutoffs during pregnancy and to help identify the current prevalence of 

anemia among US women.  

Late gestation, Black race, multiple gestation pregnancy and multiparity were the 

strongest predictors of anemia during pregnancy. The anemia prevalence increased 3-fold across 

gestation, which is comparable to that reported  in the NHANES 1999-2006 data (7). Racial 

disparities in Hb, with greater risk of anemia among women who self-identify as Black, have 

been identified in many previous epidemiological and population studies (5–7,22) and some 

CDC guidelines have suggested lowering the anemia cutoffs for Black women by 0.8 g/dL (19). 

The relative difference in Hb concentrations in our cohort of women are comparable to the CDC 

data as mean Hb concentrations were 0.8 g/dL lower in Black pregnant women compared to 

White women. Whether this difference in Hb concentration is a consequence of physiological 

changes or to differences in iron status requires further investigation and use of these race-

specific cut-offs should be interpreted with caution in clinical settings to avoid the risk of under-

diagnosing anemic women. We also noted that Asian pregnant women had the lowest prevalence 

of anemia across gestation, and the highest risk of elevated Hb concentrations in late gestation. 

Few data have evaluated Hb changes across gestation in Asian populations but the largest 

epidemiological study to date that evaluated iron stores as a function of ethnicity, the 

Hemochromatosis and Iron Overload Screening (HEIRS) Study, found Asians had the highest 

risk of elevated iron stores (23). Among women enrolled in the HEIRS study that were studied 
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while pregnant or breastfeeding, Asian ethnicity was also found to be associated with a 

decreased risk of ID (24). In agreement with these epidemiologic data, iron absorption has been 

reported to be significantly higher among non-pregnant East Asian women when compared to 

White women, even after controlling for iron stores as evaluated using SF (25). More data 

investigating the longitudinal changes in Hb across pregnancy and the impact of ethnicity on iron 

homeostasis are needed.  

This study has some limitations. No data on birth outcomes were available and we are 

unable to address the impact of gestational anemia or elevated Hb concentrations during 

pregnancy on adverse maternal or neonatal birth outcomes. Data on maternal educational level 

and socioeconomic status were not available to evaluate the potential impact of these factors on 

risk of anemia or to compare the characteristics of this cohort to other published data on 

determinants of anemia. These pregnant women resided in Rochester, NY and the surrounding 

community (elevation of 214 meters above sea level) and these data would likely not be relevant 

for those living at high altitudes.   

Our study provides the largest normative longitudinal datasets on Hb across pregnancy in 

otherwise healthy US pregnant women receiving routine prenatal care. These results add to the 

current knowledge on normative hemoglobin concentrations in US pregnant women and help 

identify determinants of anemia across pregnancy. We can conclude from this medical chart 

review that anemia was prevalent in otherwise healthy US pregnant women receiving standard 

prenatal care even with the current universal iron supplementation recommendations. The 

prevalence of anemia increased as pregnancy progressed. Risk factors for anemia included Black 
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race, being underweight at entry into pregnancy, being multiparous or carrying a multiple birth 

pregnancy. The hemoglobin distribution in the population as a whole was left-shifted in T2 and 

T3 compared to the CDC reference population but was similar to other recent global studies of 

hemoglobin in large pregnancy cohorts (15,16). Additional studies are needed to evaluate the 

impact of maternal anemia on iron status in the newborn at birth and its association with 

maternal birth outcomes to evaluate the current hemoglobin cut-offs used to define anemia. 

Targeted identification of women at greater risk may help inform interventions to improve 

maternal iron status and the in-utero environment in support of healthy birth outcomes. 
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Abstract 

Background: Heavy parasitic loads increase the risk of iron deficiency anemia, which remains 

prevalent globally. Where parasites are common, understanding the influence of parasitic 

infections on Fe incorporation and erythropoiesis in toddlers is especially important.  

Objective: The aim of this study was to identify the impact of malarial and helminth infections 

on red blood cell (RBC) Fe incorporation and subsequent change in RBC Fe isotope enrichment 

for 84 days post-dosing in toddlers at high risk for parasitic infections. 

Methods: Fe incorporation was measured in a group of Zanzibari toddlers (n = 71, 16-25 

months) using a stable Fe isotopic method. At study entry, oral stable Fe isotope was 

administered. Blood was collected 14 (D14) and 84 (D84) days post-dosing for assessment of Fe 

status indicators and RBC isotopic enrichment. Blood and stool samples were collected and 

screened for malaria and helminth parasites. Factors associated with change in RBC Fe isotope 

enrichment were identified using regression models. 

Results: Toddlers who had larger weight-for-age z-scores, lower total body Fe and those with 

helminth infections (n = 26) exhibited higher RBC Fe incorporation. RBC Fe isotope enrichment 

decreased from D14 to D84 by -2.75 percentage points (P < 0.0001, n = 66). Greater loss in RBC 

Fe isotope enrichment from D14 to D84 was observed in those who received Fe 

supplementation, those with either helminths or both malarial and helminth infections, and in 

those with greater RBC Fe incorporation on D14.  

Conclusion: Toddlers who received iron supplementation exhibited significantly greater loss of 

RBC iron isotope enrichment over time. We speculate this greater loss of RBC iron enrichment 
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is indicative of increased erythropoiesis due to the provision of iron among anemic or helminth 

infected toddlers.  
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Introduction 

 Iron deficiency and iron deficiency anemia (IDA) are particularly detrimental during the 

perinatal period and low iron stores at this time have been associated with long-term cognitive 

and developmental deficits (1). In populations with IDA, iron availability is not sufficient to 

meet erythropoietic demands. Toddlers living in helminth- and malaria-endemic areas frequently 

suffer from chronic parasitemia and low-grade inflammation. These parasitic infections coupled 

with low dietary iron intakes increase the risk of IDA in many developing countries. 

Mechanisms by which malaria and helminth infection impair iron homeostasis are multifactorial. 

Malaria may exacerbate iron deficiency by sequestrating iron into malarial pigment (hemozoin) 

(2) and by blocking iron recycling from senescent red blood cells (RBC). It may also shorten the 

RBC lifespan due to erythrophagocytosis of both parasitized and non-parasitized RBC’s (3,4). 

Helminth infections can lead to chronic gastrointestinal blood loss increasing the risk of iron 

deficiency and anemia (5). In addition, inflammation caused by malarial and helminth infections 

may further compromise iron absorption due to increased serum hepcidin concentrations (3,4). 

Iron supplementation can be used to treat iron deficiency and IDA, but concerns exist 

when providing supplemental iron to children residing in malaria-endemic areas (6,7), 

particularly if they are iron replete (8). In malaria-endemic areas, non-targeted iron 

supplementation has been associated with increased mortality of preschool children (7,9). For 

this reason, the WHO now recommends screening for iron deficiency before iron 

supplementation is initiated in malaria-endemic locations (10). In addition, iron supplementation 

combined with anti-malarial medication is commonly used as an effective strategy for managing 
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post-malarial anemia (11). However, the mechanisms of how helminth and malarial infections 

interact to impact iron absorption and response to treatment are not fully understood (12). A 

better understanding of the differences and cumulative impact of these infections on iron 

metabolism in children is needed.  

This study was undertaken on Pemba Island, Zanzibar in 2004 when the overall 

prevalence of Plasmodium falciparum malaria was estimated to be 80% with no distinct evidence 

of seasonality (13,14). Moreover, among those aged 10-11 months, helminth and hookworm 

infections on Pemba island were endemic (13). The primary outcomes of this study were RBC 

iron isotope incorporation at D14 and changes in RBC iron enrichment over an 84-day period 

post dosing. The current study was undertaken to a) identify the impact of malarial and helminth 

infections on iron incorporation into RBC’s in relation to iron status indicators, and b) to identify 

variables associated with the change in RBC iron isotope enrichment over an 84-day period post-

dosing among a group of toddlers at high risk for malarial and helminth infections. 

Subjects and Methods 

Subject recruitment and sample collection 

Participants were recruited to represent a random sample of healthy toddlers between 16 

and 25 months of age with no other known health conditions. Toddlers that had fevers, 

symptomatic malaria, sickle cell trait or severe anemia (hemoglobin (Hb) < 7 g/dL) were not 

recruited into the study. A total of 82 toddlers were recruited from local villages on Pemba Island 

in November 2004. The stable isotope dosing study was initiated in December 2004 and ended in 
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March 2005. The study protocol was approved by the Committee of Human Research at the 

Johns Hopkins Bloomberg School of Public Health and the Ministry of Health, Zanzibar. 

Informed verbal consent was obtained from families willing to participate in the study. On the 

first day of the study parents were asked about their children’s diet and recent illnesses. Each 

toddler received a physical examination and anthropometric z-scores were calculated using the 

WHO database (15). A finger prick was obtained to assess Day 0 (D0) Hb, and malaria parasitic 

count.  

After D0 measurements were obtained, toddlers ingested a meal of porridge and 

remained fasted for 1.5 hours before ingesting a stable iron isotope as ferrous sulfate. Each 

participant received either 58Fe (0.9 mg of 58Fe, along with 6.0 mg of native ferrous sulfate to 

obtain a total iron dose of 7.0 mg, n = 37) or 57Fe (7.0 mg of 57Fe, n = 34) based on isotope 

availability. Tracer doses were administered with flavored raspberry syrup containing 0.391 % 

ascorbic acid (Humco, Texarkana, TX). Toddlers remained fasted for the next 1.5 hours before 

ingesting a second porridge meal. Two weeks post-dosing (D14), a 3 mL venous blood sample 

was obtained. Approximately three months post-dosing (D84), an additional 5 mL of blood was 

collected. Following the D84 clinic visit, all participants were treated with mebendazole as 

previously detailed (16).   

Malaria and helminths screening 

On D0, D14 and D84, whole blood was screened for malaria parasites using both thick 

and thin blood films (17). When the D14 blood was obtained, a stool sample was collected for 

analysis of helminth burden (Ascaris Lumbricoides, Trichuris Trichiura and Hookworm) using 
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the Kato-Katz method (18). Toddlers that had a positive blood smear for malarial parasites on 

D0, D14 or D84 were treated for malaria with artusonate/amodaquine. 

Hematological and iron status measures 

Hb concentrations were measured using a Hemocue (Lake Forest, CA). All iron status 

indicators were analyzed in both D14 and D84 blood samples, except soluble transferrin receptor 

(sTfR) which was only analyzed in the D14 samples. Any participant identified as anemic on 

D14 (Hb < 11.0 g/dL) received liquid iron supplementation (12.5 mg ferrous sulfate/day) (19), 

from D14 through D84. Serum ferritin (SF) and sTfR were measured by enzyme-linked 

immunosorbent assay (Ramco Laboratories, Inc Stafford, TX). Total body iron (TBI) was 

calculated by the ratio of sTfR to SF (TBI (mg/kg) = -[log sTfR*1000/SF) -2.8229]/0.1207) 

(20,21). Erythropoietin (EPO) and C-reactive protein (CRP) were measured using an Immulite® 

1000 Analyzer (Seimens Healthcare Diagnostics, Deerfield, IL). Depleted iron stores were 

defined when SF concentrations were less than 12 ug/L and CRP concentrations were less than 5 

mg/L, or when SF concentrations were less 30 ug/L and CRP concentrations were greater than 

5mg/L. Elevated sTfR was classified if concentrations were greater than 8.5 mg/L. Elevated CRP 

was defined when concentrations were greater than 10 mg/L. Archived serum samples were used 

to measure hepcidin by a competitive enzyme-linked immunosorbent assay (Intrinsic Life 

Sciences, La Jolla, CA) on D14 serum (n = 42) and D84 serum (n = 38). Hepcidin values below 

the limit of detection (5 ng/mL) were assigned a concentration of 2.5 ng/mL. 
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RBC iron enrichment and incorporation  

Iron isotopic ratios were analyzed using magnetic sector thermal ionization mass 

spectrometry (ThermoScientific, Triton TI, Bremen, FRG). Mass spectrometric methods have 

been previously described in detail (22,23). The delta percent excess (∆%xs) of each 

administered stable iron isotope in RBC was determined by the observed (obs) and natural 

abundance (NA) isotope ratios:  

∆%xs 57Fe =
  57 Fe/ 56Fe obs  −    57Fe/ 56Fe NA

 57Fe/ 56Fe NA
× 100 

A similar equation was used for the 58Fe tracer. Natural abundance ratios used for the 

57Fe/56Fe and 58Fe/56Fe ratios were 0.02317686 and 0.0030856, respectively. 

To account for the small differences in tracer doses administered, a Dose Adjusted 

Enrichment (DAE) was calculated for each tracer based on the mean dose of each isotope 

administered. For those receiving the 57Fe tracer, the mean dose of 57Fe administered was 6.64 

mg 57Fe. The 57Fe DAE was calculated as: 

 57Fe DAE =  
∆%xs 57Fe × Average Dose of 57Fe 

Actual Dose of  57Fe 
 

A similar equation was utilized to obtain a DAE after calculating the mean dose of 58Fe 

dose (0.891 mg 58Fe) that would give the same enrichment as that obtained with the average 

57Fe dose administered. Throughout the manuscript the term RBC iron DAE reflects this value. 

In addition to the direct measurements of RBC iron DAE, RBC iron incorporation was calculated 

in D14 blood as previously reported (22,23). The blood volume in toddlers was estimated using 

the Linderkamp equation Log (Blood Volume) = 0.6459* (Log Weight in kg) + 0.002743 

*(Height in cm) + 2.0324 (24). The change in RBC iron DAE from D14 to D84 post-dosing was 

determined by subtracting each toddler’s D14 DAE from the D84 DAE. Observed decreases in 
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RBC iron DAE over time may occur due to increases in the size of the circulating RBC pool 

induced by absorption of natural isotopic iron or mobilization of storage iron (25).  

Statistical analysis  

Descriptive statistics were used to summarize characteristics of participants, using the 

mean ± standard deviation (SD) or geometric mean (95% confidence interval (CI)) for 

continuous variables or frequency counts with percentages for categorical variables. Student's t 

tests and Wilcoxon’s rank-sum tests were used to assess possible differences in concentrations of 

biochemical indicators between groups stratified by sex, anemia, presence of malarial or 

helminth infections, or presence of both parasites. Pearson correlation or Spearman rank 

correlations were used to evaluate the strength of the bivariate linear association between 

variables. The Chi-squared test of independence was used for analyzing the association between 

categorical variables. The odds ratio of anemia was evaluated using logistic regression after 

adjustment for confounders (sex, age, and anthropometric measures). Multiple linear regression 

was used to estimate the association of RBC iron incorporation and change in RBC iron DAE 

after controlling for confounding factors such as sex and age. All analyses were performed using 

the JMP Pro statistical program version 13.1.0 (SAS Institute, Inc., Cary, NC). Significance was 

defined by a P value less than 0.05. 
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Results 

Characteristics of the study participants  

In total, 82 women consented to allow their child to participate in the study and among 

this group, 71 toddlers completed the study as detailed in Figure 3.1.  

Figure 3.1 Flow chart of toddlers enrolled in the study. Overview of the parasitic infections in 

Zanzibari toddlers aged 16-25 months. F, Females; M, Males. 

Characteristics of participants are reported in Table 3.1. More female (n = 41) than male toddlers 

(n = 30) enrolled in the study. There were no statistically significant differences in the percentage 
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of stunting or wasting between the males and females, but females tended to be more 

underweight than the males (P < 0.08). At enrollment on D0, 16% (11/70) of participants had a 

positive blood smear for malarial parasites. At D14, 37% (26/70) and 11% (8/70) of toddlers had 

helminths and malarial parasitemia, respectively. At D14, 6% (4/70) of toddlers were infected 

with both helminths and malaria. Prevalence of malaria and helminth infections did not 

significantly differ between males and females. On D14, 47% (n = 33) toddlers were anemic and 

were treated with iron supplementation (iron Supplemented Group). The remaining 53% of 

children were non-anemic and were not supplemented with iron (Non-iron supplemented Group). 

Characteristics of these 2 groups of toddlers are presented in Table 3.2. The D84 blood sample 

was collected 84 days after tracer dosing in all but one toddler in whom the blood sample was 

collected 83 days post-dosing. 

Table 3.1 General characteristics of the 71 toddlers enrolled in the study 1 

 All Toddlers  

(n = 71) 

Females 

(n = 41) 

Males 

(n = 30) 

Age, month 19.47 ± 2.19  19.41 ± 2.06  19.55 ± 2.39  

Height, cm2 77.18 ± 4.23  75.91 ± 3.60 78.91 ± 4.48  

Weight, kg3 9.78 ± 1.41  9.13 ± 0.97  10.66 ± 1.45  

Weight-for-age z-scores4 -0.93 ± 1.06  -1.22 ± 0.93  -0.55 ± 1.13  

Underweight, %5 15.49 [11] 21.95 [9] 6.67 [2] 

Length-for-age z-scores -1.91 ± 1.19  -2.06 ± 1.09  -1.71 ± 1.29 

Stunted, % 39.43 [28] 41.46 [17] 36.67 [11] 

Weight-for-length z-scores 0.00 ± 1.28  -0.26 ± 0.98  0.36 ± 1.55 

Wasted, % 2.82 [2] 2.44 [1] 3.33 [1] 

1Data are presented as the mean ± SD or % [n]. Differences between sexes were analyzed by 

Student’s t test or Chi-square test. 
2Significant difference observed between the males and females, P < 0.005. 
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3Significant difference observed between the males and females, P < 0.0001. 
4Significant difference observed between the males and females, P < 0.01. 
5Difference between males and females approached significance, P = 0.08. 

 

Table 3.2 Iron status in anemic toddlers that received, or did not receive, iron 

supplementation on D141 

 
Time-

point 
Iron Supplemented Group Non-Iron Supplemented Group 

Hb, g/dL 

D0 10.38 ± 1.41 [33] 11.19 ± 1.42 [35]2 

D14 9.96 ± 1.02 [33] 12.27 ± 1.00 [36]3 

D84 11.33 ± 1.30 [32]4 12.28 ± 1.09 [33]5 

SF, µg/L 
D14 27.76 (20.54, 37.51) [32] 30.98 ± 19.74 [36] 

D84 34.42 (24.29, 48.78) [32]6 19.75 (14.77, 26.39) [30]2 

sTfR, mg/L D14 9.03 (7.82, 10.43) [33] 7.76 ± 2.36 [36]2 

EPO, IU/L 
D14 18.67 (13.66, 25.50) [31] 11.15 (8.76, 14.19) [36]2 

D84 12.14 (9.18, 16.07) [30]7 11.49 (8.78, 15.05) [31] 

CRP, mg/L 
D14 0.27 (0.15, 0.49) [31] 0.32 (0.22, 0.48) [36] 

D84 0.37 (0.22, 0.62) [32] 0.28 (0.13, 0.58) [31] 

Elevated CRP, % 
D14 0 0 

D84 3.13 [1/32] 3.13 [1/32] 

Serum hepcidin, 

ng/mL 

D14 26.62 ± 21.12 [17] 14.04 (7.56, 26.08) [24] 

D84 48.22 (26.10, 89.08) [16]7 23.64 (12.02, 46.49) [21] 

TBI, mg/kg D14 2.56 ± 3.09 [32] 2.90 ± 2.72 [36] 

1Data are presented as the mean ± SD [n] or geometric mean (95% CI) [n] or % [n]. Elevated CRP was 

defined as concentrations greater than 10 mg/L. Differences between toddlers supplemented with iron and 

without iron supplementation were analyzed by Student’s t test or Wilcoxon’s rank-sum test. Differences 

between D14 and D84 measurements were analyzed by paired Student’s t test. CRP, C-reactive protein; 

D0, first day of the study visit; D14, 14 days post-dosing; D84, 84 days post-dosing; EPO, erythropoietin; 

Hb, hemoglobin; SF, serum ferritin; sTfR, soluble transferrin receptor; TBI, total body iron. 
2Significant difference observed between toddlers supplemented with iron and without iron 

supplementation, P < 0.05. 
3Significant difference observed between toddlers supplemented with iron and without iron 

supplementation, P < 0.005. 
4Significant change from D14 to D84 observed in toddlers supplemented with iron supplementation, P < 

0.0001. 
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5Significant difference observed between toddlers supplemented with iron and without iron 

supplementation, P < 0.0001. 
6A tendency of significant change from D14 to D84 observed in toddlers supplemented with iron 

supplementation, P = 0.08. 
7Significant change from D14 to D84 observed in toddlers supplemented with iron supplementation, P < 

0.05. 

Hematological and iron status  

On D0, 56% (40/71) of toddlers were anemic. Those with elevated sTfR were nearly 5-

fold more likely to be anemic (Odds Ratio: 4.69; 95% CI: 1.37, 13.98). Interestingly, toddlers 

who had helminth infections had a 40% lower risk of anemia when compared to those without 

helminth infections. After adjusting for sex, age and anthropometric measurements, anemia was 

significantly less prevalent in helminth infected toddlers (Adjusted odds ratio (AOR): 0.26; 95% 

CI: 0.07, 0.97) and significantly more prevalent among those with elevated sTfR (AOR: 4.74; 

95% CI: 1.01, 22.15).  

As expected, mean Hb concentration increased from D14 to D84 in those who were iron 

supplemented, but no significant change in Hb was observed in the non-iron supplemented group 

(P = 0.65) (Table 3.2). In addition, iron supplemented toddlers had a significant decrease in EPO 

from D14 to D84 as well as a tendency for SF concentrations to increase (Table 3.2). There were 

no significant changes in EPO or SF in the non-iron supplemented group.  

Hepcidin analyses were only conducted in a sub-group of toddlers (n = 41 at D14 and n = 

37 at D84) based on availability of serum. Hepcidin concentrations on both D14 and D84 did not 

significantly differ between the anemic and non-anemic participants. Hepcidin concentrations, 

however, did increase significantly from D14 to D84 in the iron supplemented group but not 

among the non-iron supplemented group (P = 0.32) (Table 3.2). At D14, hepcidin was inversely 
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correlated with D14 sTfR (P < 0.05, r = -0.42) and positively correlated with D14 SF (P < 0.05, r 

= 0.34). There was a lack of correlation between hepcidin and CRP on D14. At D84, hepcidin 

concentrations remained significantly correlated with D84 SF concentrations (P = 0.005, r = 

0.42) and were also positively correlated with D84 CRP values (P < 0.05, r = 0.49).  

Participants with malarial parasitemia on D0 had impaired iron and hematological status 

as evident by significantly lower D14 TBI, higher D14 sTfR and D14 EPO concentrations and a 

tendency for lower D0 Hb concentrations (Table 3.3). The iron status of toddlers with malarial 

parasitemia on D14 is presented in Table 3.3. The iron status of those with helminths did not 

differ from those without helminths at D14. For the subset of toddlers who had hepcidin 

measured, D14 hepcidin was significantly lower in those who had helminth infections (P = 0.03, 

n = 42) (data not shown). 
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Table 3.3 Iron status as a function of malaria parasitemia1 

 

Time

-

point 

Malaria Parasitemia at D0  Malaria Parasitemia at D14 

Yes No  Yes No 

Hb, g/dL 

D0 
9.98 ± 1.46 

 [11] 

11.00 ± 1.42 

[58]2 
 

10.19 ± 1.74 

[8] 
10.91 ± 1.42 [61] 

D14 
11.00 ± 1.00  

[11] 

11.17 ± 1.60 

[58] 
 

10.74 ± 2.07  

[8] 

11.23 ± 1.45 

[62] 

D84 
12.20 ± 0.91 

 [11] 

11.70 ± 1.32 

[55] 
 

11.66 ± 0.92  

[8] 

11.85 ± 1.33  

[58] 

SF, µg/L 

D14 

21.5 

(14.4, 32.3)  

[11] 

29.3 

(23.0, 37.5) 

[57] 

 

41.4 

(28.1, 61.1)  

[8] 

26.3 

(20.9, 33.2) [61]3 

D84 

20.9 

(11.7, 37.5)  

[11] 

28.4 

(22.1, 36.6) 

[52] 

 

24.7 

(13.4, 45.3)  

[8] 

26.6 

(20.7, 34.5) [55] 

sTfR, 

mg/L 
D14 

10.49 

(9.12, 12.06) 

[11] 

7.77 

(7.03, 8.55) 

[58]4 

 

9.28 

(7.27, 11.85)  

[8] 

7.97 

(7.26, 8.76) [62] 

EPO, 

IU/L 

D14 

21.97 

(13.90, 34.71) 

[11] 

13.20 

(10.59, 16.34) 

[56]4 

 

25.51 

(13.94, 46.68) 

[7] 

13.20 

(10.70, 16.20) [61]3 

D84 

17.77  

(11.72, 26.96)  

[11] 

10.99 

(8.94, 13.46) 

[51]4 

 

16.09 

(8.86, 29.25)  

[8] 

11.25 

(9.21, 13.74) [54] 

CRP, 

mg/L 

D14 
0.44 

(0.20, 0.97) [11] 

0.28 

(0.19, 0.41) 

[56] 

 

0.87 

(0.27, 2.83)  

[7] 

0.28 

(0.19, 0.39) [61] 

D84 
0.35 

(0.11, 1.17) [11] 

0.32 

(0.20, 0.51) 

[53] 

 

1.55 

(0.39, 6.23)  

[8] 

0.25 

(0.16, 0.39) [56]3 

Elevated 

CRP, % 

D14 0 0  0 0 

D84 9.09 [1/11] 1.89 [1/53]  12.5 [1/8] 1.79 [1/56] 

Serum 

hepcidin, 

ng/mL 

D14 
11.88 

(4.31, 32.75) [9] 

17.37 

(10.58, 28.49)  

[32] 

 
24.85 (16.36, 37.75)  

[6] 

14.15 (8.61, 23.18)  

[36] 

D84 
14.95 

(5.93, 37.67) [9] 

44.70 

(27.54, 72.68) 

[28]4 

 

53.25 

(8.69, 327.01)  

[6] 

29.07 (18.23,46.35) 

[32] 

TBI, 

mg/kg 
D14 1.12 ± 2.54 [11] 

3.52 {4.16} 

 [57]4 
 

3.28 {2.64}  

[8] 
3.37 {4.13} [61] 
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1Data are presented as the mean ± SD [n] or geometric mean (95% CI) [n] or median {interquartile range} 

[n] or % [n]. Elevated CRP was defined as concentrations greater than 10 mg/L. Differences between 

toddlers with and without malaria parasitemia at D0 or D14 were analyzed by Student’s t test or 

Wilcoxon’s rank-sum test. CRP, C-reactive protein; D0, first day of the study visit; D14, 14 days post-

dosing; D84, 84 days post-dosing; EPO, erythropoietin; Hb, hemoglobin; SF, serum ferritin; sTfR, 

soluble transferrin receptor; TBI, total body iron. 
2Difference between toddlers with and without malaria parasitemia at D0 approached significance, P = 

0.05. 
3Significant difference observed between toddlers with and without malaria parasitemia at D14, P < 0.05. 
4Significant difference observed between toddlers with and without malaria parasitemia at D0, P < 0.05. 

 

RBC iron incorporation 

Iron incorporation data are presented in Table 3.4. RBC iron incorporation at D14 was 

highly variable (ranging from 1.21 - 55.45%). As expected, average RBC iron incorporation did 

not significantly differ between those that received the 58Fe or the 57Fe tracer. TBI was 

correlated with RBC iron incorporation (P = 0.009, r = -0.32, n = 69) but there were no other 

significant associations with other iron status indicators or with hepcidin. Infection with both 

parasites was associated with significantly higher RBC iron incorporation, whereas infection 

with helminths only tended to be associated with higher RBC iron incorporation (P = 0.07). 

Toddlers with malarial parasitemia did not have higher RBC iron incorporation compared to 

those without this infection (Table 3.4). The association between iron incorporation and parasitic 

infections did not appear to be driven by low iron status as there were no significant associations 

between presence of either or both parasitic infections with any of the iron status indicators 

measured. Mean D14 hepcidin tended to be higher (P = 0.07) in those without malaria and/or 

helminth infections compared to the mean observed in those with either or both of these parasitic 

infections (10.24 ng/mL). In the subgroup of participants with either malarial or helminth 

infection, RBC iron incorporation was negatively correlated with CRP (P < 0.05, r = -0.38, n = 
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31) but was not significantly impacted by hepcidin on D14. RBC iron incorporation did not 

differ between the iron supplemented or non-supplemented toddlers (P = 0.5). Significantly 

higher RBC iron incorporation was evident among those with higher weight-for-age z-scores, 

lower TBI, and among those with helminth infections (P < 0.05). Hepcidin was not significantly 

associated with RBC iron incorporation, which may be due to the high variability in hepcidin 

coupled with the known impact of infection on the concentrations of this biomarker.  

Table 3.4 Factors associated with red blood cell iron incorporation (%) at D141 

Groups Iron incorporation at D14 (%) P 

All toddlers 11.42 (9.29, 14.02) [68] --- 

Females 10.89 (8.44,14.05) [40] 
NS 

Males 12.22 (8.52, 17.53) [28] 

D14 Anemia 11.41 (8.54, 15.25) [33] 
NS 

No D14 Anemia 11.42 (8.41, 15.52) [35] 

D14 Helminths 14.46 (10.54, 19.82) [26] 
0.07 

No D14 Helminths 9.87 (7.53, 12.92) [42] 

D14 Malaria parasitemia 10.03 (4.44, 22.68) [8] 
NS 

No D14 Malaria parasitemia 11.61 (9.35, 14.43) [60] 

Presence of parasites 14.50 (10.97, 19.15) [31] 
0.03 

No parasites 9.17 (6.80, 12.37) [36] 

D14 Detectable hepcidin 8.55 (6.16,11.87) [28] 
0.08 

D14 Undetectable hepcidin 14.76 (8.63, 25.27) [12] 

1Data are presented as the geometric mean (95% CI) [n]. Comparison groups are stratified by 

sex, presence of anemia on D14, presence of malarial or helminth infections on D14 or either 

parasites over the study period, or by hepcidin concentrations on D14. Hepcidin values below 5 

ng/mL were defined as undetectable hepcidin. Differences were analyzed by Student’s t test or 

Wilcoxon’s rank-sum test. D14, 14 days post-dosing; NS, not significant.
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Change in RBC iron DAE from D14 to D84  

RBC iron DAE decreased from D14 to D84 on average by 2.75 percentage-points (from 

15.94% to 13.19%; 95% CI: -3.86 percentage-points, -1.65 percentage-points, P < 0.0001, n = 

66), but the degree of change varied more than 6-fold from -16.41 percentage-points to +12.75 

percentage-points. Among the 66 toddlers with data available on the change in RBC iron DAE 

between D14 and D84, 12 toddlers (28%) exhibited slight increases in RBC iron DAE from D14 

to D84. Those with increases in RBC iron DAE were equally distributed among toddlers that had 

received the 57Fe (n = 5) or 58Fe (n = 7) tracer. On average, in these 12 individuals, the mean 

increase observed was 1.67 ± 3.52 percentage points. After excluding the toddler with the 

highest increase (+12.75 percentage points), the mean RBC iron DAE increase observed was 

0.66 ± 0.49 percentage points. Possible differences in those that exhibited increases in DAE over 

time versus those that exhibited decreases in DAE over time were explored. Toddlers that had 

undetectable hepcidin on D84 (P = 0.02) and toddlers with lower sTfR concentrations on D14 (P 

= 0.04) were significantly more likely to have had an increase in RBC iron DAE between D14 to 

D84. In addition, participants with lower RBC iron DAE at D14 were more likely (P = 0.04) to 

experience increased RBC iron DAE at D84. These results remained significant even when data 

from the toddler with the largest 12.75 percentage points increase were excluded.  

The net change in RBC iron DAE over time was not significantly impacted by sex, age, 

anthropometric measurements or malarial infections. A comparison of the change in RBC iron 

DAE between different groups is presented in Figure 3.2.  
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Figure 3.2 Mean change in RBC iron DAE (D84-D14) in toddlers as a function of sex, iron 

status or parasitic burden. Comparison groups are stratified by sex, iron supplementation on 

D14, presence of malarial or helminth infections on D14 or either parasites over the study period, 

or by hepcidin concentrations on D84. Hepcidin values below 5 ng/mL were defined as 

undetectable hepcidin. Number on each bar indicates the number of toddlers in each group. 

Differences were analyzed between each pair of groups by Wilcoxon’s rank-sum test, *P < 0.05, 

**P < 0.005. Error bars represent SEMs. DAE, Dose Adjusted Enrichment; D14, 14 days post-

dosing; D84, 84 days post-dosing; RBC, red blood cell. 

 

 

Change in RBC iron DAE was significantly greater in those who were supplemented with iron (P 

= 0.001) versus those who had not been iron supplemented. This change in DAE in those 

receiving iron supplementation appeared to be due to the addition of iron and not a consequence 
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of the pre-existing anemia in this group, based on the finding that toddlers with anemia at D0 did 

not have a significantly greater change in RBC iron DAE compared to non-anemic toddlers at 

D0 (data not shown). Participants with higher hepcidin concentrations on D84 had greater 

reductions in RBC iron DAE compared to those with undetectable hepcidin at D84 (P = 0.003, n 

= 38). RBC iron DAE decreased to a larger extent in those found to be infected with either 

malaria or helminths (P = 0.02) across the study period. Toddlers with helminths on D14 had 

greater losses in RBC iron DAE over the 70-day observation period (P = 0.05) but the presence 

of malarial infections did not have a significant impact on change in RBC iron DAE over time (P 

= 0.19) perhaps due to the limited sample size of those with malaria (n = 8). Among all 

hematological and iron status indicators analyzed, Hb (either at D0 or D14) was the only 

biomarker that was significantly negatively associated with change in RBC iron DAE over time 

(P < 0.005). In addition, an increase in Hb from D14 to D84 was significantly correlated with 

greater decrease in RBC iron DAE from D14 to D84 (P < 0.005, r = 0.37).  

A multiple linear regression model was constructed to identify factors significantly 

associated with the change in RBC iron DAE. On D14, iron supplementation (β ± SE (standard 

error) = 0.40 ± 0.47; P = 0.0005), RBC iron incorporation (β ± SE = 0.44 ± 0.04; P = 0.0006) and 

helminth infection (β ± SE = 1.36 ± 0.54; P = 0.03) were found to be significantly associated 

with a decrease in RBC iron DAE from D14 to D84 (Adjusted R2 = 0.38; n = 62). A second 

model was constructed in the sub-group of toddlers with hepcidin data (Adjusted R2 = 0.54; n = 

36) setting the change in RBC iron DAE as the dependent variable and iron incorporation and 

iron status indicators as independent variables. In this smaller sub-population, helminth infection 

was no longer significantly associated with change in RBC iron DAE but those with detectable 
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hepcidin at D84 exhibited a significantly greater loss in RBC iron DAE (β ± SE = 0.30 ± 0.62; P 

= 0.03). 

Discussion 

A better understanding of the impact of parasitic infections on iron metabolism is needed, 

especially if iron supplementation may exacerbate adverse events when given to iron replete 

children with active parasitic infections. To our knowledge, this study is one of the largest iron 

stable isotope studies to follow RBC iron DAE in this age group over an 84-day period. Toddlers 

with better weight-for-age z-scores, lower TBI and those with helminth infections exhibited 

higher RBC iron incorporation. A greater decrease in RBC iron DAE post-dosing was evident 

among those receiving iron and among those with helminth infections.  

An unexpected finding was that toddlers who had helminth infections had a nearly 40% 

lower risk of anemia compared to those without helminth infections. An earlier study in a larger 

cohort of Zanzibari children in the parent study (13) also found a lower prevalence of anemia in 

children (6-23 months) with helminth infections compared to children without helminth 

infections. In contrast, in older Zanzibari children (7-13 years), Stoltzfus et al. (26) found that 

hookworm infection was the strongest risk factor for severe anemia. Age differences between 

studies may in part explain these differences as anemic and poorly nourished toddlers may not be 

actively exploring their environments and thus may have less exposure to helminth-infected soil. 

Toddlers that experienced either malarial or helminth infection across the study had 

significantly higher RBC iron incorporation than those who remained parasite-free, an effect that 

appeared to be driven primarily by the non-significant increase in RBC iron incorporation in 

those with helminth infections. RBC iron incorporation did not differ between toddlers with and 

without malaria parasitemia but the small number with malaria parasitemia limited our ability to 
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address the independent effect of malaria on study outcomes. Participants in our study 

incorporated an average of 11.4% of ingested iron into their RBCs. This is comparable to the 

9.0% and 11.5% RBC iron incorporation found among 48 Malawian toddlers (12–24 months) 

that received iron supplements (30 mg/day) either immediately, or two weeks after, being treated 

for malaria (27). After 2 weeks of oral iron supplementation, mean SF concentration increased 

by 2.5-fold and iron incorporation decreased significantly to 5.9% in the Malawian cohort (27). 

This result is consistent with our finding of a lower RBC iron incorporation in those with better 

iron status. Average RBC iron incorporation in our study was slightly lower than the 18% 

reported in 27 Gambian toddlers (18–36 months) who were dosed with a 43% lower quantity of 

iron tracer (4 mg) (21).  

Among all biomarkers evaluated, the strongest determinant of RBC iron incorporation 

was TBI. Our finding that lower iron status, but not decreased inflammation, explained more 

variability in RBC iron incorporation is in agreement with prior data (28). It is likely that TBI 

better captures iron demands by accounting for both tissue demand and storage iron, and TBI 

may attenuate the impact of inflammation in populations at risk for recurrent parasitic infections. 

Data from 156 Ugandan children (1.5–5 years) found that subclinical inflammation (evidenced 

by elevated hepcidin and CRP) persisted for 12 months after antimalarial treatment (11,29). In 

our cohort, hepcidin was not a significant determinant of RBC iron incorporation. This finding 

differs from that observed in a population of anemic Gambian toddlers (21), where hepcidin was 

found to be the best predictor of RBC iron incorporation. When toddlers are actively inflamed, 

hepcidin may explain more variability in RBC iron incorporation whereas iron status may be a 

better predictor of RBC iron incorporation in the absence of inflammation. We were unable to 

obtain measures of hepcidin on D0. It is likely that in this population with frequent infections, 
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the D14 hepcidin measure may not have adequately captured hepcidin status at the time tracer 

was administered and absorbed. Our data also indicate that helminth infections are associated 

with higher iron incorporation, which has also been reported in Ivorian children (30).  

This study uniquely followed the change in RBC iron isotopic enrichment over 84-days 

in healthy toddlers residing in a malaria- and helminth-endemic area. On average RBC iron DAE 

decreased over the 84-days, but a small subset of our cohort exhibited a slight increase in RBC 

iron DAE over time. Those that exhibited increases in RBC iron DAE were significantly more 

likely to have undetectable hepcidin at D84, and lower sTfR concentrations and RBC iron DAE 

at D14. The slight increase in RBC iron DAE observed draws attention to the need to further 

refine the timing used to evaluate RBC iron incorporation in healthy toddlers and/or in those 

with parasitic infections. This methodology and the measure of RBC incorporation 2-week after 

dosing was developed from early radiotracer data in adults (31). There are no other data 

evaluating changes in RBC iron enrichment over time in toddlers to determine if our findings are 

unique to our cohort, or if the timing of RBC iron incorporation is more variable in this age 

group. Thus, further normative data on this methodology in children are warranted. 

In these toddlers, decreases in RBC iron DAE were most pronounced in those who 

received iron supplementation and exhibited significant increases in Hb post-supplementation. 

Greater losses in RBC iron DAE over time did not appear to be driven by pre-existing anemia as 

the D14 to D84 decline in RBC iron DAE was not significantly impacted by the presence of 

anemia at D0. In addition, iron supplementation was a stronger determinant of change in RBC 

iron DAE than was the presence of malaria and/or helminth parasites. Two other studies in 

toddlers followed RBC iron enrichment over an extended period. Fomon et al. (32) studied 35 

Caucasian infants (5.6 months) and found the change in RBC iron enrichment over 13 months 
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was significantly correlated with iron absorption, which is similar to our finding of greater 

decreases in RBC iron DAE among toddlers with higher RBC iron incorporation. More recently, 

Speich et al. (25) dosed a group of African toddlers (14-20 months) and allowed for isotopic 

equilibration to occur for an 8-11 month period post-dosing before evaluating the impact of iron 

supplementation on RBC tracer enrichment. Our study cannot be directly compared to the Speich 

study as we did not allow sufficient time for tracer to equilibrate with body iron pools but there 

are some similarities in findings. Consistent with their study, we found that hepcidin was not 

significantly correlated with RBC iron incorporation and observed decreases in RBC iron 

enrichment were positively correlated with iron absorption, increases in Hb and iron 

supplementation. They uniquely found that although iron supplementation increased the absolute 

amount of iron absorbed the additional iron absorbed did not appear to be retained (25). 

Our study contributes to the data available on factors that impact RBC iron incorporation 

and change in RBC iron DAE over time in toddlers residing in a malaria- and helminth-endemic 

area but there are several limitations. Inflammatory status was evaluated using CRP, but this may 

not be a robust inflammatory marker in those with chronic infections (33–35). We could not 

differentiate a new onset of malarial infection from a relapse of an existing infection. Although 

anti-malarial/helminths medications were provided, recurrence of new infections was difficult to 

prevent in a parasite-endemic context. Our classification of infection as one that involved either 

malaria or helminths likely increased our power to identify effects of these two parasitic 

infections, we could not fully evaluate the impact of each individual infection due in particular to 

the lower number of toddlers with malaria. 

In summary, RBC iron incorporation was best predicted by weight-for-age z-scores and 

TBI in these Zanzibari toddlers. RBC iron DAE decreased significantly across an interval of time 
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that approaches the typical RBC lifespan in this age group (36). Toddlers who received iron, 

incorporated more iron into RBC’s exhibited significantly greater losses in RBC iron DAE post-

dosing. Future longer-term labeling studies may provide greater insight into whole body iron 

homeostasis and adaptations to parasitic loads or iron supplementation in these vulnerable age 

groups. 
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Abstract 

Iron is unique among all minerals in that humans have no regulatable excretory pathway to 

eliminate excess iron after it is absorbed. Iron deficiency anemia occurs when absorbed iron is 

not sufficient to meet body iron demands, whereas iron overload and subsequent deposition of 

iron in key organs occurs when absorbed iron exceeds body iron demands. Over time, iron 

accumulation in the body can increase risk of chronic diseases, including cirrhosis, diabetes, and 

heart failure. To date, only ~30% of the interindividual variability in iron absorption can be 

captured by iron status biomarkers or iron regulatory hormones. Much of the regulation of iron 

absorption may be under genetic control, but these pathways have yet to be fully elucidated. 

Genome-wide and candidate gene association studies have identified several genetic variants that 

are associated with variations in iron status, but the majority of these data were generated in 

European populations. The purpose of this review is to summarize genetic variants that have 

been associated with alterations in iron status and to highlight the influence of ethnicity on the 

risk of iron deficiency or overload. Using extant data in the literature, linear mixed-effects 

models were constructed to explore ethnic differences in iron status biomarkers. This approach 

found East Asians had significantly higher concentrations of iron status indicators (serum 

ferritin, transferrin saturation and hemoglobin) compared to Europeans, African Americans, or 

South Asians. African Americans exhibited significantly lower hemoglobin concentrations 

compared to other ethnic groups. Further studies of the genetic basis for ethnic differences in 

iron metabolism and on how it affects disease susceptibility among different ethnic groups are 

needed to inform population-specific recommendations and personalized nutrition interventions 

for iron-related disorders.  
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Introduction 

Iron is an essential trace element involved in numerous metabolic processes, including 

oxygen transport and utilization, cellular proliferation, DNA synthesis, neurotransmitter 

synthesis, and energy production (1,2). Iron is the fourth most common element in the Earth’s 

crust (1,3), yet iron deficiency (ID) remains prevalent, affecting an estimated 2.5 billion people 

worldwide (4). Iron overload (IO), on the other hand, is associated with adverse health outcomes 

caused by the accumulation of iron in organs particularly the pancreas, liver and heart. Elevated 

iron stores are associated with increased risk of type 2 diabetes independent of inflammation 

(5,6), and increased risk of cardiovascular disease (7,8), liver fibrosis, and cancer (9–11). 

Moreover, age-related iron accumulation in the brain strongly predicts cognitive decline, motor 

impairment, and the development of neurodegenerative diseases (12,13). A causal role of 

enhanced iron status in these diseases has been noted in animal models of IO (14,15).  

Increased attention has been focused on the genetic contributions to iron status. 

Population differences in the frequency of genetic variants that are associated with increased risk 

of iron disorders may explain varying iron status in different ethnic groups. No studies to date 

have pooled existing data to summarize current findings and knowledge on ethnic differences in 

iron status. This review summarizes data on genetic variants found to be associated with iron 

metabolism across different ethnic groups and statistically evaluates published data on iron status 

as a function of ethnicity.   
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Current Status of Knowledge 

Iron physiology 

Iron absorption  

Dietary iron is ingested as heme iron (from animal-based foods) and non-heme iron (from 

animal- and plant-based foods). Heme iron is only minimally impacted by iron stores. The 

proteins involved in heme iron absorption are unique to heme iron and the pathways involved in 

this process continue to be elucidated (16–18). In contrast, non-heme iron absorption is tightly 

regulated in response to body iron demands and mutations in the proteins involved in non-heme 

iron absorption are associated with known iron-related diseases (16,19,20).  

Dietary non-heme iron is ingested primarily as ferric iron (Fe3+) that must be reduced to 

ferrous iron (Fe2+) (by duodenal cytochrome b) before it enters the enterocyte via the divalent 

metal transporter 1 (DMT1). Once absorbed, Fe2+ can either be stored as ferritin, used for 

intracellular functions, or exported via the only known non-heme iron export protein in the body, 

ferroportin (FPN). Once exported, the ferroxidase hephaestin oxidizes Fe2+ to Fe3+, which can 

then bind to transferrin (TF) in the bloodstream (16,20,21). At other locations in the body, 

ceruloplasmin functions as a ferroxidase (22), and the placenta also expresses a unique 

ferroxidase (zyklopen) (23). 

 

Systemic iron homeostasis  

Transferrin-bound Fe3+ in circulation is taken up by cells using receptor mediated 

endocytosis via transferrin receptor 1 (TFR1). Cellular expression of TFR1 is highest in 

erythroid tissue to support erythropoiesis. Under normal circumstances, approximately 30% of 

the iron-binding sites in the plasma TF pool are occupied. This value is referred to as transferrin 
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saturation (TSAT) (16,24). When TSAT exceeds 45%, iron begins to circulate free or bound to 

low molecular weight molecules (citrate, albumin) generating potentially toxic iron species 

known as non-transferrin bound iron (NTBI). The pancreatic cells and hepatocytes can 

internalize NTBI via Zrt- and Irt-like protein 14, while cardiomyocytes are purported to 

internalize NTBI through L-type or T-type calcium channels (25,26). Cellular uptake of NTBI 

can increase the intracellular labile iron pool resulting in generation of reactive oxygen species 

that can cause oxidative damage, adversely impacting specific organs and over time, increasing 

the risk of chronic diseases.  

Only 1-2 mg/day of absorbed iron is needed to offset the typical amounts of endogenous 

daily iron losses. The majority of iron utilized to support erythropoiesis (20-25 mg/day) is 

obtained from catabolism of senescent RBCs. Several hormones are now known to be involved 

in the regulation of systemic iron homeostasis including hepcidin, erythropoietin, and 

erythroferrone.    

 

Hormonal control of iron physiology 

Of the three iron-related hormones, hepcidin is the major regulator of body iron balance. 

This hepatic hormone binds to FPN thereby reducing iron export from the enterocyte and iron 

release from stores (27). Hepcidin production is induced by iron loading or 

inflammation/infection and suppressed by increased erythropoietic demand or hypoxia. The 

regulation of hepcidin involves multiple membrane proteins (MT-2, matriptase-2; HJV, 

hemojuvelin; BMPR 1 and 2, bone morphogenetic protein receptor 1 and 2; TFR1 and 2; HFE, 

high iron protein; IL-6 receptor), intracellular signaling pathways (BMP-SMAD, BMP-small 

mothers against decapentaplegic; JAK-STAT, janus kinase-signal transducer and activator of 
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transcription protein), and hormones (erythropoietin, erythroferrone) (21,28–30). Genetic 

mutations in these proteins are associated with iron disorders as shown in Figure 4.1.  

 

Figure 4.1 The hepatic hepcidin signaling pathway and common genetic mutations in this 

signaling pathway. Hepcidin is regulated by infection/inflammation (left), iron status (middle), 

and erythropoietic demand (right). Pathogenic mutations in genes that encode proteins involved 

in the regulation of the hepcidin or FPN result in iron deficiency (green X) or iron overload (red 

X). When serum transferrin is saturated, diferric-transferrin binds to TFR1 and displaces HFE. 

HFE can then form a complex with TFR2 and possibly HJV to promote the BMP-SMAD 

hepcidin signaling pathway. Recessive mutations in the genes encoding these proteins (HFE, 

TFR2, HJV, hepcidin) result in decreased hepcidin production preventing hepcidin from being 

upregulated as iron stores accumulate leading to iron overload. Under low oxygen conditions, 

MT-2 cleaves HJV, generating a soluble and inactive form of this protein, resulting in the 

inactivation of the BMP-SMAD signaling pathway and downregulation of hepcidin transcription. 

Genetic mutations in MT-2 result in uninhibited hepcidin production leading to IRIDA. High 
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erythropoietic demand results in upregulation of erythroferrone, which suppresses hepcidin 

production by sequestering BMP6 and inhibiting BMP-SMAD signaling. In inflammation, IL-6 

binds to IL-6 receptor, stimulating the JAK-STAT pathway and upregulating hepcidin 

production. Dominant gain- and loss-of-function FPN1 mutations result in hepcidin resistance or 

in cellular iron accumulation (particularly in macrophages), respectively. Recessive mutations in 

DMT1 result in iron loading anemia. Likewise, recessive mutations in TF result in reduced 

concentrations of functional TF and iron loading anemia. The figure was created using 

BioRender.com. BMP, bone morphogenetic protein; BMPR, bone morphogenetic protein 

receptor; DMT-1, divalent metal transporter 1; FPN, ferroportin; HAMP, hepcidin, HFE, high 

iron protein, HJV, hemojuvelin; IRIDA, iron refractory iron deficiency anemia; JAK-STAT, 

Janus kinase-signal transducer and activator of transcription protein; MT-2, matriptase-2; 

SMAD, small mothers against decapentaplegic; TF, transferrin; TFR, transferrin receptor. 

Assessment of iron status  

Multiple biomarkers are used to represent iron status of individuals and/or populations. 

Ferritin is the primary intracellular iron storage protein and some is released into circulation as 

serum ferritin (SF) (31). Low SF concentrations are indicative of depleted iron stores. Elevated 

concentrations of SF can indicate excessive iron stores or inflammatory conditions since ferritin 

is an acute phase protein (31). Total iron binding capacity (TIBC) indicates the total number of 

binding sites for iron in TF, which is the main iron transport protein in circulation. TIBC, in 

combination with serum iron, can be used to calculate TSAT, which reflects iron supply to 

tissues (31). Soluble transferrin receptor (sTfR) reflects the intensity of erythropoietic and 

cellular demands for iron (31). An increase in sTfR concentrations indicates an increase in 

cellular iron requirements or insufficient iron supply to tissues (31). In late stages of ID, 

hemoglobin production is compromised which can result in anemia (31). A summary of the 

typical cutoffs for ID and/or IO for common iron status indicators is provided in Appendix 

Table 1. 

 



 

117 
 

Genetic variants of iron metabolism   

Tight control of iron absorption is needed to prevent ID or IO but to date, only about 30% 

of the interindividual variability in iron absorption can be captured by hepcidin or other iron 

status biomarkers (32–36). Marked ethnic differences in the risk of ID or IO have been known 

to exist as highlighted by the CDC cut-offs used to denote anemia (37). To investigate the 

genetic contributions to variations in iron status between and within populations, multiple 

genome-wide association studies (GWAS) and candidate gene association studies have been 

undertaken. The following sections cover pathogenic mutations in iron-related genes identified 

to date that result in ID or IO, and polymorphisms within iron- and non-iron related genes found 

to be associated with variations in iron traits among healthy populations. Genetic variants 

associated with iron status in healthy populations stratified by ethnic group are summarized 

(Appendix Table 2). 

 

Genetic variants related to iron overload 

Genetic mutations in proteins involved in the regulation of the hepcidin/FPN axis result 

in aberrant expression of hepcidin or FPN (38) and can eventually lead to IO. Disorders of the 

hepcidin/FPN axis cause subtypes of hereditary hemochromatosis (HH), a heterogeneous genetic 

condition found primarily in Northern Europeans. The most common form of HH occurs from 

mutations in HFE, but HH can also result from mutations in HJV, hepcidin gene (HAMP), TFR2, 

and FPN1, which are collectively referred to as non-HFE hemochromatosis. The pattern of 

inheritance of pathogenic mutations in HFE, HJV, HAMP and TFR2 is autosomal recessive, 

whereas in FPN1 is autosomal dominant (39). While mutations in these iron-related genes have 
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been described as causative for HH, some single nucleotide polymorphisms (SNP) within, or in 

close-proximity to these genes, have been associated with iron traits in healthy populations.   

HFE  

HFE was named as the high iron (high Fe) or hemochromatosis protein when it was 

discovered in 1996 to harbor a mutation that was highly prevalent in patients with 

hemochromatosis (40). This major histocompatibility complex class I like protein stimulates the 

intracellular BMP-SMAD hepcidin signaling pathway. Recessive mutations in HFE result in 

decreased hepcidin production and thus, hepcidin is not appropriately up-regulated as iron stores 

accumulate (41) (Figure 4.1). HFE-related hemochromatosis or HH type 1 is most commonly 

associated with two missense mutations, C282Y and H63D. The iron burden and clinical 

phenotype presented in patients with HFE-related hemochromatosis is highly variable. The 

classic biochemical abnormalities seen in C282Y homozygous individuals include elevated 

TSAT and SF, and tissue IO. Although biochemical penetrance of homozygosity for this 

mutation is high (75-100% in males, 40-60% in females) (42–44), the clinical penetrance is 

much lower, affecting men at higher rates than women (2-38% and 1-10%, respectively) (45,46). 

Interestingly, H63D homozygosity rarely results in clinical disease development, except when 

this mutation is present with C282Y, both in heterozygote states (40,47).  

The prevalence of the C282Y and H63D mutations varies among ethnic groups and is one 

of the best examples of ethnic differences in iron metabolism (48). The C282Y homozygosity is 

most prevalent (0.3-0.5%) in individuals of Northern European descent (44,49–52). This 

mutation is thought to have originated in a Celtic population 60-70 generations ago (53–55). A 

Viking origin of this mutation has been proposed as highest frequencies are observed in 

populations of Northern European descent (i.e. Viking populations) (56). The Hemochromatosis 
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and Iron Overload Screening (HEIRS) study reported the highest prevalence (0.44%) of C282Y 

homozygosity among unrelated non-Hispanic white individuals (44). The prevalence of C282Y 

homozygosity has been reported at even higher frequencies in specific regions of Northern 

Europe, particularly Ireland (1.24-1.96%) (57,58).  Additionally, the highest average allele 

frequency in HFE has been reported among this population (10.1%) (48). The lowest prevalence 

of C282Y homozygosity in the HEIRS study was reported among Asians (0.000039%), followed 

by Pacific Islanders (0.0132%), African Americans (0.014%), Hispanics (0.027%), and Native 

Americans (0.11%) (44).  

      The H63D mutation has a broader distribution with higher frequencies throughout 

Europe and other geographical locations (48). The estimated prevalence of H63D homozygosity 

in the HEIRS study was 2.4% in non-Hispanic whites, 1.3 % in Native Americans, 1.1% in 

Hispanics, 0.089% in African Americans, and 0.02% in Pacific Islanders and Asians (44). The 

prevalence of C282Y/H63D compound heterozygosity reported in the HEIRS study was 2.0% in 

non-Hispanic whites, 0.77 % in Native Americans, 0.33% in Hispanics, 0.071% in African 

Americans, and 0.096% in Pacific Islanders, and 0.0055% in Asians (44).  

SNPs in HFE corresponding to C282Y and H63D have been associated with iron and 

erythrocyte traits in healthy populations. The SNP rs1800562 that results in the C282Y variant 

has been associated with several iron biomarkers (59–63) and hematological parameters (64) that 

reflect both systemic and cellular iron homeostasis at the genome-wide level among Europeans. 

The SNP rs1799945 that results in the H63D variant has also been associated at the genome-

wide level with various iron traits (59,65) in Europeans. In Hispanics, both rs1800562 and 

rs1799945 have been shown to be associated with iron status biomarkers (66). In African 

Americans, only the association of rs1800562 with SF and TF seen in Europeans has been 
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replicated (67). Noteworthy, these variants are nearly absent in Asians and Pacific Islanders 

(44,52), and no associations between these mutations and iron biomarkers have been reported in 

these populations (68).  

 

HJV and HAMP  

The HJV encodes the hemojuvelin protein which acts as a BMP co-receptor to regulate 

the expression of HAMP (21) (Figure 4.1). Juvenile hemochromatosis (JH) or HH type 2 is the 

most severe form of HH (69,70) and can arise from pathogenic mutations in HJV (HH subtype 

2a) or HAMP (HH subtype 2b) and results in cardiomyopathy, diabetes and hypogonadism by 

the early 20s (69,70). In rare instances adult-onset HH due to HJV mutations has been observed 

(71,72). Biochemical abnormalities of JH include high TSAT and marked increases in SF (70). 

Interestingly, a systematic review assessing the genotypic and phenotypic spectrum of HJV 

mutations in patients with HH reported ethnic disparities in the clinical presentation of HJV-

related HH between Europeans and East Asians (73). This same review (73), in agreement with a 

phenotypic analysis of HH subtypes (70) found that European males and females were affected 

equally, while East Asian males were affected at higher rates than their female counterparts (73).  

The first comparative study of the prevalence of HFE and non-HFE related HH reported 

a predicted prevalence of homozygous HJV pathogenic mutations of 1 in 5 million using 

available next-generation sequence (NGS) databases, with the highest predicted prevalence in 

South Asians (74). Homozygous HAMP pathogenic mutations were predicted to be even rarer (1 

in 182 million) (74). Of note, these predictions may be restricted given that the populations were 

not representative of all the pathogenic mutations within the HH-related genes identified to date.  
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Mutations in HJV account for up to 90% of JH cases (73), and most have been identified 

in a single family or small populations (73). The G320V mutation is a more common HJV 

mutation and is restricted to European ancestry (75,76). Other mutations have been described 

only within individuals of Asian or Pacific Island ancestry (73,77), some are more common 

among East Asians (e.g. C321X, Q312X) (71,78–85) and some among South Asians (e.g. 

G336X, G99R, P192L, L194, C80Y, A343PfsX23) (77,86,87). Few mutations have been 

described in Africans (e.g. R385X, A310G)  (73,88,89), however, these are not restricted to 

African ancestry (90–93). Mutations in HAMP result in a rare form of JH and have been 

characterized in patients from varying geographical locations (87,93,102,94–101).  

Interestingly, no polymorphisms within the HJV or HAMP have been associated with 

variation in iron traits among healthy individuals. A candidate gene association study reported an 

association between the SNP rs10421768 in HAMP and hemoglobin among a Kenyan cohort (n 

= 628) (103), but the significance of this association disappeared after adjustment for multiple 

testing.  

 

TFR2  

TFR2 forms a complex with HFE and possibly HJV to promote BMP-SMAD signaling 

and upregulate hepcidin production (29) (Figure 4.1). HH type 3 results from pathogenic 

mutations in TFR2 and is a disease mainly of adult onset, although, more severe mutations have 

been described in early childhood (104–106).  Biochemical abnormalities include elevated TSAT 

and SF (24). Although the true prevalence of TFR2 mutations is unknown, homozygous TFR2 

pathogenic genotypes have been estimated (using available NGS databases) to be 1 in 6 million 
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and were predicted to be most frequent among non-Finnish European populations from ExAC 

database (74).  

Most mutations in TFR2 that result in HH type 3 have been clustered in ~45 families 

worldwide (107) but some mutations have been described among unrelated individuals from 

different ethnic groups (105,108–111). TFR2-related HH may be the leading cause of IO in 

Asians, predominantly those from Japan (112,113). The I238M variant is present in Asians at a 

higher frequency (0.0192) (112), however, it is not restricted to Asian ancestry (93).  

The rs7385804 SNP in TFR2 has been associated iron biomarkers (59,64,65) and RBC 

parameters (59,114) at genome-wide significance in healthy Europeans. The associations of 

rs7385804 with serum iron and TSAT have been replicated in Hispanics (66) and Chinese 

women (115). Another SNP within TFR2, rs7786877, has been associated with mean corpuscular 

volume (MCV) at the genome-wide level among individuals of European ancestry (64).  

 

FPN 

The FPN1 gene encodes FPN, which regulates cellular export of non-heme iron (116) 

(Figure 4.1). Pathogenic mutations in FPN1 can result in two phenotypically distinct diseases, 

HH type 4A (FPN disease) and HH type 4B. HH type 4B is caused by gain-of-function 

mutations resulting in partial or complete hepcidin resistance (117). Individuals with these 

mutations present with high SF, TSAT, organ IO, and progressive organ damage (117). The 

phenotype of HH type 4B resembles other recessive HH-causing mutations (117). Conversely, 

FPN disease is due to dominant loss-of-function mutations that result in impaired iron export, 

particularly from reticuloendothelial cells (117). The classical phenotype of FPN disease 

includes high SF, normal to low TSAT, low hemoglobin concentrations, and progressive iron 
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loading (117,118). FPN disease seems to have a milder clinical presentation as it has not shown 

to cause major organ damage (119,120), conceivably because macrophages protect against 

reactive oxygen species when burdened with iron (117). Not all FPN mutations have been 

classified based on their phenotypic presentation or pathogenicity (117,119).  

Globally, the estimated pathogenic genotype carrier rate of FPN1 mutations (using 

available NGS databases) is 1 in 1,373 (74). The highest predicted pathogenic genotype carrier 

rate was reported in African Americans (0.25%), followed by Americans (0.039%), East Asians 

(0.033%), and non-Finnish Europeans (0.03%) (74). A systematic meta-analysis of FPN1 

mutations found 31 disease-causing mutations in 161 individuals by 2010 (119), and more 

recently a total of 60 variants in 359 individuals was described between 1999 to 2019 (120). The 

most frequently reported FPN1 mutation is the V162del loss-of-function mutation (119–126).  

Few polymorphisms in FPN1 have been associated with iron traits in healthy 

populations. Q248H is the most common FPN1 variant among individuals of African ancestry 

and is present at polymorphic frequencies in African populations (2.2-13.4%) (127–131). The 

Q248H variant has been weakly associated with increased SF levels among individuals with 

primary IO and healthy individuals (127–129,131–133), and this association seems to be stronger 

in men (132,133). This polymorphism may confer a protective effect against ID (128,134), 

anemia, and iron deficiency anemia (IDA) (134) in African children, particularly those with 

underlying inflammation. While conflicting (134), a protective effect against malarial infection 

has also been suggested. The largest GWAS on iron status conducted in healthy Europeans 

identified a SNP (rs744653) near FPN1 that was associated with SF and TF at genome-wide 

significance (59), and the association with SF was replicated in a recent candidate gene 

association study among Europeans (135). Lastly, a GWAS conducted in healthy Chinese men 
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found a SNP (rs5742933) located in close proximity to the FPN1 gene that was associated with 

SF at the genome-wide level (136). However, this SNP seemed to be in weak linkage 

disequilibrium (R2 and D’<0.20) with SNPs located within FPN1 (136). 

 

Genetic variants related to iron deficiency 

As with IO, several SNPs in iron-related genes have been associated with increased risk 

of anemia, ID or IDA in healthy populations of various ethnicities. Hereditary disorders that 

result in anemia include iron-refractory iron deficiency anemia (IRIDA) and iron loading 

anemia.  

 

TMPRSS6 

MT-2 is produced in the liver and negatively regulates expression of hepcidin by cleaving 

HJV and in turn, inactivating the BMP-SMAD pathway (137) (Figure 4.1).  Genetic mutations 

in the MT-2 protein (TMPRSS6, transmembrane serine protease 6) can result in uninhibited 

hepcidin production leading to IRIDA (138–140). This disease is characterized by congenital 

hypochromic, microcytic anemia, low MCV and TSAT, low to normal SF levels, and defective 

iron absorption and utilization (138,141). IRIDA is usually unresponsive to oral iron, and only 

partially responsive to parenteral iron treatment (138). 

The prevalence of pathogenic mutations resulting in IRIDA is unknown (140–142). So 

far, 69 different TMPRSS6 mutations in 65 IRIDA families of different ethnicities have been 

identified (137,141–144). Most IRIDA patients have homozygous mutations in TMPRSS6 and 

thus, the mode of inheritance is considered to be recessive (143). However, heterozygous 

mutations may also result in a clinical phenotype that resembles IRIDA but with a milder 
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presentation (141,143). More recent evidence suggests that IRIDA is a highly heterogeneous 

disease and some patients have been found to respond to oral iron therapy (143). 

Several genome-wide and candidate gene association studies conducted in healthy 

populations of mainly non-African origin, have found common SNPs in TMPRSS6 to be 

associated with iron traits. The most reported SNP in TMPRSS6, rs855791 (V736A), has been 

associated with iron status indicators (59,62,145,146), RBC parameters (59,64,147), and liver 

iron content (148) in healthy individuals of European ancestry at genome-wide significance. 

Additionally, candidate gene studies in Europeans have replicated the association of this SNP 

with SF (135,149) and serum iron (149) and have identified associations with sTfR (61) and the 

sTfR:SF ratio (150). This SNP was also associated with hemoglobin (6,115) and iron status 

indicators (6,115) in East Asians, and with serum iron in Hispanics (66). A systematic review 

with meta-analysis found the minor allele (A) frequency (MAF) of rs855791 to be significantly 

higher in Asians than in Europeans (0.55 vs 0.42) (151). This same review showed that each A 

allele was associated with 0.11 g/dL lower hemoglobin concentrations, 3.71 µg/L lower SF 

levels, and 0.2 mg/L higher sTfR, and the differences in effect estimates between ethnicities 

were not significant (151). Significant differences in MAF between Africans and non-Africans 

have been reported (152). The rs855791 SNP has a significantly lower MAF in Africans (<0.1) 

compared to non-Africans (<0.35), yet Africans have a high prevalence of anemia (152). 

The second most reported SNP in TMPRSS6 is rs4820268 (D521D) and it has been 

associated with iron biomarkers (60,65,146), and hemoglobin in Europeans (147), with SF and 

hemoglobin in East Asians (6), and with hemoglobin in South Asians (147). The association with 

serum iron was replicated in a candidate gene study of Europeans and an association with SF was 

identified (149). A study in Europeans found the rs4820268 GG genotype to be associated with 
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lower serum iron, hemoglobin, MCV, and mean cell hemoglobin, and higher TF, sTfR and 

sTfR:SF ratio (65). Furthermore, a meta-analysis of 13 study populations showed that the G 

allele resulted in a 0.12 µg/L increase in SF concentrations among Europeans and a 3.69 µg/dL 

decrease among Asians (151). Analysis of 3 studies among Europeans suggested an association 

between the G allele and a reduction in sTfR (151). However, there was high heterogeneity of 

the effect of each allele on the variation in iron status parameters reported in studies among 

Europeans included in this meta-analysis (151). Consistent with these observations, a recent 

study assessing differences in allele frequencies among different populations found that South 

and East Asians had the highest number of iron lowering alleles and Africans had the lowest 

number of low iron risk alleles (152). Furthermore, studies in Chinese populations identified 

rs855791 and rs4820268 polymorphisms as genetic risk factors for developing anemia, ID, and 

IDA (6,115). Several other SNPs in TMPRSS6 have been associated with RBC parameters 

(64,147), and iron biomarkers (146) among different ethnic groups.  

 

TF  

Autosomal recessive mutations in TF cause severely reduced serum concentrations of 

functional TF and lead to hypotransferrinemia (or atransferrinemia) (Figure 4.1). This rare 

disorder is characterized by iron deficient erythropoiesis and anemia due to insufficient iron 

supply to erythropoietic tissues and severe IO in non-hematopoietic organs due to low hepcidin 

levels and increased non-TF mediated iron uptake (153,154). Only 18 cases among 16 families 

world-wide have been described to date (155,156).  

While mutations that result in hypotransferrinemia are extremely rare, several SNPs in 

TF have been associated with iron status in populations from different ethnic origin. The 
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rs3811647 SNP in TF has been associated with TIBC and TF in genome-wide and candidate 

gene association studies in Europeans (60,63,65,150,157). Other SNPs in TF have been 

associated with serum iron, TF, and TSAT (59). Associations of several polymorphisms in TF 

with TIBC found in Europeans have been replicated in Asians, Hispanics and/or African 

Americans (157). Additionally, a candidate gene association study in Chinese women found TF 

polymorphisms were significantly associated with serum iron, TF, and TSAT (115). Other SNPs 

in TF have been associated with TSAT and TIBC in Hispanics (66), and with TIBC in African 

Americans (67). Moreover, the GWAS in African Americans found the top two SNPs in TF to 

explain 11.2% of the variation in TIBC levels in this population (67). Interestingly, unlike other 

iron-related genes discussed in this section, in TF, no SNPs have been reported to be associated 

with hematological traits in any ethnic group.  

 

DMT1  

DMT1 transports dietary iron into enterocytes (Figure 4.1) or out of intracellular 

endosomes. Pathogenic mutations in DMT1 result in microcytic anemia and severe organ iron 

loading (141). Despite having body iron excess, patients with defects in DMT1 have normal to 

mildly elevated SF levels (141). Iron loading anemia due to mutations in DMT1 is extremely rare 

with only 7 patients from 6 families with homozygous or compound heterozygous described to 

date (141). Despite the importance of DMT1 in iron trafficking, few polymorphisms have been 

associated with iron traits. In a healthy Turkish cohort, the IVS4+44 polymorphism in DMT1 

was associated with inter-individual variations in serum iron (158). This same SNP was 

associated with up to a four-fold increased risk of developing anemia in Italian children with 

Celiac disease (159). 
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Other genetic variants related to iron metabolism  

Iron-related genes 

Polymorphisms in other iron-related genes involved in transport of non-heme and heme 

iron (TFR1; CYBRD1, cytochrome b reductase 1; FLVCR, feline leukemia virus subgroup C 

receptor-related protein; STEAP3, six-transmembrane epithelial antigen of prostate 3; CD163, 

cluster of differentiation 163), in the regulation of cellular hepcidin signaling pathways (SMAD8; 

BMP2; BMP4; BMP9; BMPR1B; BMPR2; NEO1, neogenin 1; PCSK7, protein convertase 

suntilisin/kexin type 7), or intracellular iron signaling (HIF2A, hypoxia-inducible factor 2 alpha; 

IRP1, iron regulatory protein 1), have been associated with or have suggestive associations with 

at least one biomarkers of iron status and/or erythrocyte phenotype in healthy populations 

(59,61,135) or act as modifiers of HH phenotype (160–162) among individuals of European 

descent. 

 

Non-iron related genes 

Although most genetic variants associated with iron status indicators are within or in 

close proximity to iron-related genes, genetic variants of non-iron related genes have also been 

identified. Among Europeans, SNPs in genes involved in lipid metabolism were shown to be 

associated with TF (NAT2, N-acetyltransferase 2; ARNTL, aryl hydrocarbon receptor nuclear 

translocator like; FADS2, fatty acid desaturase 2), SF (ABO, alpha 1-3-N-

acetylgalactosaminyltransferase and alpha 1-3-galactosyltransferase; TEX14, testis expressed 14) 

(59) or serum iron (LPL, lipoprotein lipase) (146). In Hispanics, a SNP in myelin regulatory 

factor (MYRF) that is in linkage disequilibrium with the FADS2 SNP identified in Europeans 
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(59) was associated with TIBC (66). Moreover, the associations between SNPs in NAT2 with TF 

and in ABO with SF found in Europeans (59) were generalized to Hispanics (66). Whether such 

associations result from the confounding influence of variations in lipid metabolism on iron 

status or reveal a pleiotropic effect of lipid-related genes on iron regulation needs further 

investigation. Interestingly, in analysis of the UK Biobank samples, ferritin-associated SNPs in 

HFE and TMPRSS6 conferred significant protection against hypercholesterolemia, suggesting 

interplay of metabolic pathways between lipid and iron (163). Other SNPs in non-iron related 

genes have been associated with iron traits, including TIBC, unsaturated iron binding capacity, 

serum iron, and sTfR in Europeans (146,157). 

In African Americans, SNPs in the hepatoma-derived growth factor-like protein 1 

(HDGFL1) and MAF bZIP transcription factor (MAF) have been associated with TIBC and in 

growth factor receptor bound protein 2-associated protein 3 (GAB3) with SF at the genome-wide 

significance (67). Among these associations, only the significant SNP in GAB3 was replicated in 

Hispanics (66). GAB3 is a member of the GBR2-associated binding protein gene family and is 

involved in several growth factor and cytokine signaling pathways. The protein encoded by this 

gene is expressed in hematopoietic tissues and facilitates macrophage differentiation (164,165). 

In East Asians, a SNP in postmeiotic segregation increased 1 (PMS1) was found to be 

significantly associated with SF (136). PMS1 encodes a protein thought to be involved in DNA 

mismatch repair pathways and is expressed by various tissues, including hematopoietic tissues. 

Interestingly, anti-PMS1 antibodies were found in Japanese patients with aplastic anemia (10%) 

but none were detected in aplastic anemia patients from the Unites States (166). Additionally, 

while PMS1 has not been shown to play a direct role in iron homeostasis, it is in close proximity 

to FPN1. 
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Ethnic differences in iron status  

Iron regulation is highly conserved, but risk of iron related disorders differs across major 

ethnic groups. These ethnic differences may be a consequence of adaptive changes during 

evolution that occurred due to limited iron availability, a condition referred to as antagonistic 

pleiotropy. In antagonistic pleiotropy, adaptive changes that arise from evolutionary adaptations 

can become deleterious in the current environment. For iron, due to its importance in physiology, 

strong selective pressures would have been expected to maintain adequate iron status. These 

adaptations needed in an iron poor environment, i.e. mutations that increase iron absorption, may 

now be deleterious when iron is considerably more abundant in our food systems. Understanding 

the evolutionary context underlying dietary adaptation could have strong implications in 

precision nutrition (167).  

Large epidemiological reports of ethnic differences in iron status indicators have been 

published over the past few decades. Several studies of North American cohorts have evaluated 

iron status in large groups of otherwise healthy adults. The largest epidemiological study to date 

that evaluated iron stores as a function of ethnicity was the HEIRS study. This study recruited 

101,168 primary care adults aged 25 years or older from the United States and Canada, and 

evaluated SF and TSAT as a function of ethnicity (self-reported as Hispanic, European, African 

American, Asian, Pacific Islander, Native American) (168). Another large epidemiological 

study, the Recipient Epidemiology and Donor Evaluation Study-III recruited 12,683 men and 

women participants of different ethnicities (self-reported as African American, Asian, White, 

Hispanic, and other) aged 18 years or older that had successfully donated whole blood (169). 

This study was designed to examine the genetic and metabolic basis of blood donor susceptibility 

to ID and iron-related symptoms in multiple ethnic groups. The Iron and Atherosclerosis Study 
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(FeAST) was a prospective, randomized controlled single-blinded clinical trial to test whether 

iron reduction using phlebotomy in participants with symptomatic but stable peripheral arterial 

disease can effectively improve clinical outcomes. This study recruited 1,277 European and 

African American veterans over the age of 21 (primarily males) (170). An additional study 

among 1,491 African American and 31,005 European men and women compared hematologic 

and iron status between these two groups (171). Another study designed to determine the 

frequency of HFE mutations and its association with iron related genotypes involved 10,198 

adults (self-reported as Black, Asian, White, and Hispanic) (172). Additional epidemiological 

data examining iron status among multiple ethnic groups was conducted using the NHANES III 

database involving 20,040 individuals aged 18 years or older (grouped as Black, White, 

Hispanic, and other) (173). 

Similarly, large cohort data on iron status have been published in Europe. The 

population-based SUNSET study was a multiethnic, cross-sectional study designed to test the 

association between SF and the prevalence of type 2 diabetes and fasting glucose concentrations 

in a total of 2,975 adults (174). In addition, two other cohort studies targeting women of 

reproductive age were conducted to examine ethnic differences in iron status (175,176). Major 

findings from these data are summarized below by ethnicity. 

Europeans  

Most research to date has been conducted in Europeans, which are often used as the 

reference group in comparisons to other ethnic groups. Europeans have been consistently shown 

to have a lower risk of ID and anemia, and higher hemoglobin concentrations (171,177–180). In 

addition, TSAT in Europeans has been found to be significantly higher than mean values 

observed in African Americans and Hispanics (179,180). 
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African Americans 

Lower hemoglobin concentrations are consistently reported among African Americans 

compared to Europeans. These differences have been noted in infancy and appear to be 

maintained in the elderly (171,176,181–184). Existing data from population groups with sample 

sizes ranging from 388 to 3,074 indicate that the hemoglobin distribution observed among 

African Americans is shifted to the left by approximately 0.8 g/dL (184,185). This difference has 

been highlighted by the CDC and WHO to promote ethnicity-specific cutoffs for hemoglobin in 

the diagnosis of anemia (37,186).  

Ethnic differences in the hemoglobin distribution remain significant even after 

controlling for iron status (SF and TSAT) (182,184) and/or dietary iron intake (182), suggesting 

that variation in hemoglobin concentration is not entirely driven by factors related to iron 

metabolism. Despite lower hemoglobin concentrations, African American adults have elevated 

SF concentrations compared to Europeans and Hispanics (44,170,173,183,186–188). NHANES 

III (173,189), FeAST (170,188), and HEIRS (179) data all found significantly higher SF in 

African Americans compared to Europeans. However, both NHANES and HEIRS  (179,180), 

and Li et al.’s genetic study in African Americans (67) found that African ancestry was 

associated with decreased levels of serum iron and TSAT as well as increased levels of sTfR. 

Moreover, prevalence of ID and anemia in HEIRS was greater in African Americans than in 

Europeans and Asians among women of reproductive age (177,190,191). At present, whether the 

elevated SF concentrations in African Americans reflects increased systemic inflammation or 

elevated iron stores is unclear. African American populations are often at increased risk for 

obesity compared to other ethnic groups (192), and elevated BMI is positively correlated with SF 

concentrations, perhaps due to adiposity-induced inflammation. The lower TSAT and 
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hemoglobin concentrations but higher SF levels observed in African Americans might indicate 

that the mobilization of iron from stores for erythropoiesis is reduced due to some unknown 

genetic contributors (182). 

East Asians  

Asian populations can be further sub-divided into East Asians or South Asians based on 

geographical distribution and ethnicity. Although data in Asian groups are not as abundant, 

numerous studies have reported that East Asian populations exhibited higher iron stores and a 

higher risk of IO. This finding is evident despite the fact that the frequencies of the most 

common HFE mutations are lowest among Asians (44). Of note, HEIRS individuals that self-

identified as Asians (predominantly East Asians: Chinese, Japanese, Vietnamese, and Filipino) 

exhibited the highest SF, TSAT or both SF and TSAT compared to any other population group 

studied, even after excluding polymorphisms associated with IO (44,191,193). These differences 

remained significant after adjusting for diabetes or liver disease (193). In a further analysis of 

HEIRS data focused on women of reproductive age, Asian ancestry was associated with a 

decreased risk of ID and with increased iron stores compared to other ethnic groups independent 

of known HH mutation in HFE (C282Y) (191). Additional epidemiologic data from a study in 

Korean adults (n = 4,904) found mean TSAT in both females and males was significantly higher 

than in Europeans as reported in the HEIRS study (194,195). Few data exist on possible 

mechanisms explaining these ethnic differences. A recent functional study evaluated iron 

absorption in a group of young East Asian women (32) and found mean percent iron absorption 

was significantly higher in East Asian women compared to that reported in European women 

using the same methodology, even after correcting for a fixed amount of SF (32). This 

observation suggests that the storage threshold at which East Asians down-regulate iron 
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absorption is higher, supportive of increased risk of IO in East Asian populations at maturity. 

This may also explain the observation that East Asian populations have a greater risk of diabetes 

at a lower BMI (196,197). 

South Asians 

Fewer data are available from South Asian populations, but existing data in this group 

suggests a lower iron status compared to Europeans and East Asians. Data from South Asian 

Surinamese adults (Hindustani Surinamese, n = 399) aged 35-60 years reported a significantly 

lower SF concentrations than observed among a cohort of Dutch adults (n = 508) (174). South 

Asian pregnant women (primarily from Pakistan and Sri Lanka, n = 198) were reported to have 

the highest risk of ID and anemia when compared to pregnant European (n = 326) and East 

Asian women (n = 43) (177). Lower hemoglobin, SF, and TSAT have also been noted in a group 

of South Asian women of reproductive age (176). 

Hispanics 

At least two epidemiological studies have reported a significantly higher prevalence of ID 

in Hispanics (178,190) compared to other ethnic groups, and Hispanic ethnicity has been 

associated with an increased risk of ID (191). In addition, evidence from NHANES found that 

Hispanic women of reproductive age had significantly lower SF and TSAT compared to the 

European women (180).  

 

Native Americans 

Data on iron status among Native American populations are limited. The HEIRS study 

included data from 645 Native Americans. In this relatively small cohort, mean TSAT and SF 
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concentrations in Native American men and women did not appreciably differ from the 

respective mean values reported in European men and women (198). 

 

Statistical evaluation of population-based data on iron status  

Multiple published reports of ethnicity and iron status exist but few attempts have been 

made to compile these data to explore statistical patterns of altered iron status. To address this 

gap, relevant population-based data were identified through PubMed, Web of Science, and 

Scopus using the following key words: ethnicity, race, genetic, Asian, European, Caucasian, 

African American, Chinese, Korean, genetics, iron, iron status, iron homeostasis, iron 

absorption, iron metabolism. Additional studies were identified through references cited within 

relevant articles. To systematically compare the data summarized above on iron status among 

different ethnical groups, we extracted iron status data from both population-based studies 

involving multiple ethnicities and other epidemiological or observational studies reporting data 

from one ethnic group only. We categorized studies by the number of ethnic groups involved and 

by the study type (Appendix Table 3). For analytical purposes, we excluded studies designed to 

assess iron status in frequent blood donors or pregnant and/or breastfeeding women, as this 

would be expected to impact iron status. Studies were also excluded if there were no available 

iron status data to extract or if the iron status data were not reported by sex. As for different 

literature examining the same study cohort, data from the largest sample size were included in 

the analyses. 

To explore possible differences in iron status indicators (SF, TSAT and hemoglobin) 

between different ethnic groups, linear mixed-effects models were constructed with ethnicity 

(East Asian, European, African American and South Asian) as a fixed-effect variable. Studies 
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where the data were collected from were considered as a random-effect variable. Sample size of 

each ethnic group in these studies was used as weight for the fixed-effect variable and the mean 

age of each ethnic group was controlled in the analysis. Mean age could not be controlled for 

models examining hemoglobin as this restricted the size of the dataset because many of the 

available studies did not report the mean age. Estimated marginal means of each iron status 

indicator were calculated for all ethnic groups using the package emmeans in R. All statistical 

analyses were performed using R version 3.4.3.  

The estimated marginal means of iron status indicators evaluated are presented in the 

Table 4.1. A statistical evaluation of mean differences in each indicator between ethnic groups is 

presented in Table 4.2. With this approach, Asians (predominantly East Asians) were found to 

exhibit significantly higher SF concentrations and TSAT when compared to Europeans, African 

Americans or South Asians, and this difference was significant for both males and females. 

While significant effects were evident in both sexes, the magnitude of the observed difference 

was significantly higher in males. This finding is expected as women of reproductive age have 

monthly losses of iron from menses, which may partially explain why risk of excess iron 

accumulation is greater in males. Evidence has shown that 1 µg/L of SF is equivalent to 8 mg of 

iron stores (199), thus the mean difference of 180 µg/L in SF would be translated into an 

additional 1440 mg of storage iron. If 1.5 mg of iron is absorbed daily (21), this additional 1440 

mg of storage iron would be equivalent to the net amount of iron typically absorbed over 2.6 

years. 

Hemoglobin concentrations are impacted only when iron stores have been depleted (200). 

African American men were found to have significantly lower hemoglobin compared to 

European, Asian or Hispanic men. Similarly, African American women had significantly lower 
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hemoglobin when compared to European women. These findings are consistent with previous 

literature evaluating hemoglobin as a function of ethnicity (171,176,181–185).  

 

 

1 Data are presented as estimated marginal means ± SE [number of studies included in the analyses] 

(number of people included). The estimated marginal means were calculated from linear mixed-effects 

models using the lmer and emmeans functions. Hb, hemoglobin; SF, serum ferritin; TSAT, transferrin 

saturation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1 Mean reported iron status indicators in different ethnic groups1 

 Men Women 

 SF, µg/L TSAT, % Hb, g/dL SF, µg/L TSAT, % Hb, g/dL 

Asian 

249 ± 17 

[14] 

(40,874) 

37 ± 1 

[6] 

(22,543) 

15.1 ± 0.1 

[8] 

(20,265) 

113 ± 7 

[13] 

(31,036) 

29 ± 1 

[7] 

(13,075) 

13.1 ± 0.1 

[9] 

(9,706) 

European 

68 ± 16 

[15] 

(48,115) 

32 ± 1 

[8] 

(38,532) 

14.8 ± 0.1 

[10] 

(28,169) 

27 ± 7 

[20] 

(62,736) 

25 ± 1 

 [10] 

(45,433) 

13.5 ± 0.1 

[13]  

(33,352) 

African 

American 

87 ± 16 

 [9] 

(14,025) 

30 ± 1 

 [8] 

(13,839) 

14.2 ± 0.1 

[5]  

(2,882) 

45 ± 7  

[8] 

(20,413) 

22 ± 1 

[7] 

 (19,908) 

12.7 ± 0.2 

[4]  

(1,350) 

South Asian 

57 ± 35 

[1]  

(150) 

32 ± 5  

[1]  

(150) 

- 

35 ± 16  

[2]  

(488) 

18 ± 2  

[2]  

(242) 

12.6 ± 0.5 

[1]  

(188) 

Hispanic 

151 ± 83 

[2]  

(5,549) 

29 ± 4  

[1]  

(5,122) 

15.0 ± 0.2 

[1]  

(427) 

54 ± 35  

[2]  

(7,784) 

25 ± 4 

 [1]  

(7,241) 

13.3 ± 0.3  

[1]  

(543) 
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Table 4.2 Comparison of iron status indicators between comparison ethnic groups and reference 

ethnic groups1 

Iron 

indicator 

Reference 

ethnic 

group 

Comparison 

ethnic 

groups 

Men  Women 

Differences 

± SE 
N2  

Differences 

± SE 
N2 

SF, 

µg/L 

Asian    [14] (40,874)    [13] (31,036) 

 

European -180 ± 53 [15] (48,115)  -86 ± 33 [20] (62,736) 

African 

American 
-161 ± 73 [9] (14,025)  -68± 33 [8] (20,413) 

South Asian -192 ± 303 [1] (150)  -78 ± 163 [2] (488) 

 European   [15] (48,115)   [20] (62,736) 

  
African 

American 
19 ± 44 [9] (14,025)  19 ± 23 [8] (20,413) 

TSAT, % 

Asian    [6] (22,543)    [7] (13,075) 

 

European -5 ± 13 [8] (38,532)  -3 ± 03 [10] (45,433) 

African 

American 
-7 ± 13 [8] (13,839)  -6 ± 03 [7] (19,908) 

South Asian -5 ± 5 [1] (150)  -11 ± 23 [2] (242) 

European    [8] (38,532)    [10] (45,433) 

 South Asian -1 ± 5 [1] (150)  -7 ± 25 [2] (242) 

  
African 

American 
-2 ± 16 [8] (13,839)  -3 ± 03 [7] (19,908) 

Hb, g/dL 

African 

American 
   [5] (2,882)    [4] (1350) 

 

Asian 0.8 ± 0.13 [8] (20,265)  0.4 ± 0.2 [9] (9,760) 

European 0.6 ± 0.13 [10] (28,169)  0.8 ± 0.23 [13] (33,352) 

Hispanic 0.8 ± 0.13 [1] (427)  0.6 ± 0.3 [1] (543) 

 Asian   [8] (20,265)   [9] (9,760) 

  European -0.2 ± 0.1 [10] (28,169)  0.4 ± 0.17 [13] (33,352) 
1The estimated differences were calculated from linear mixed-effects models using the lmer and emmeans 

functions. P-values reported were correction for multiple comparisons with Tukey's test. Hb, hemoglobin; 

SF, serum ferritin; TSAT, transferrin saturation.   
2N, [number of studies included in the analyses] (number of people included) 
3Significant difference between the comparison group and the reference group, P < 0.0001. 
4Significant difference between the comparison group and the reference group, P = 0.0002.  
5Significant difference between the comparison group and the reference group, P = 0.005. 
6Difference between the comparison group and the reference group approached significance, P = 0.05. 
7Significant difference between the comparison group and the reference group, P = 0.03. 
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Conclusions  

This review highlighted the shared and unique genetic variants among ethnic groups that 

have been associated with iron status biomarkers, and possible differences in iron status as a 

function of ethnicity were explored using published data. To date, most genome-wide and 

candidate gene association studies on iron homeostasis have been conducted in European 

populations. Some of the associations found in Europeans have been replicated in other ethnic 

groups but the clinical significance is unknown given the varying minor or effect allele 

frequencies among different populations. Interestingly, reported frequencies of key genetic 

variants associated with iron traits among different ethnic groups do not fully reflect 

epidemiological data on iron status in different populations. Because iron traits may be 

influenced by a combination of genetic, dietary, and lifestyle factors, methods taking into 

account several variants together, such as polygenic risk scores, may be better at predicting the 

risk of ID or IO in specific populations. Moreover, although recent studies have identified 

variants in non-iron related genes that are associated with iron traits, how they vary as a function 

of ethnicity and the significance of these SNPs has yet to be determined. Finally, most genome-

wide and candidate gene association studies have been focused on blood biomarkers of iron 

status. Although iron status biomarkers correlate with body iron stores, their levels are sensitive 

to diet and disease, which may have confounded current association studies. Iron homeostasis in 

humans depends predominantly on the tight regulation of dietary iron absorption by enterocytes. 

Therefore, attempts to characterize genetic determinants of interindividual variation in iron 

homeostasis using direct measures of nutrient utilization are needed in order to better understand 

the differences in iron homeostasis that exist among different populations. Additional data are 

needed to identify possible risks and benefits associated with universal iron supplementation 
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policies such as those currently recommended for pregnant North American women (201), to 

identify the genetic basis of population differences in iron metabolism and disease susceptibility, 

and to help inform population-specific dietary iron intake recommendations and surveillance in 

at-risk populations. 
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Summary 

This doctoral research investigated three major factors that influence iron homeostasis, 

namely physiological, environmental, and genetic factors. Each of these factors was a specific 

aim of the dissertation. To address a physiological determinant of iron homeostasis, this research 

provided a large normative analysis of determinants of maternal Hb and identified factors 

associated with risk of maternal anemia and elevated maternal Hb concentrations in healthy U.S. 

pregnant women. To address an environmental situation that impacts iron homeostasis, the 

impact of parasitic infections and iron supplementation on iron absorption was investigated and 

identified variables associated with the change in RBC iron isotope enrichment over a 3-month 

period was evaluated among a group of toddlers residing in a malaria and helminth endemic 

environment. As for the genetic control of iron homeostasis, this doctoral dissertation 

summarized published literature on genetic determinants of iron status, characterized iron status 

in different ethnic populations, and statistically evaluated differences in iron status as a function 

of ethnicity using published data. These three specific aims were presented in Chapters Two 

through Four. Below is a brief summary of the conclusions from each specific aim, followed by 

implications and suggestions for future research. 

The data from the specific aim one provided one of the largest normative longitudinal 

analyses of Hb concentrations across pregnancy in otherwise healthy U.S. pregnant women 

receiving routine prenatal care. Findings from Aim 1 indicated that anemia was prevalent in 

otherwise healthy U.S. pregnant women receiving standard prenatal care even with the current 

recommendation of universal iron supplementation of U.S. pregnant women. The prevalence of 

anemia increased as pregnancy progressed and by late pregnancy one-quarter of women 

evaluated had anemia. We reported that the current CDC anemia cutoffs (that were based on the 
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5th percentile of a 1970’s reference population) may overestimate the prevalence of anemia in 

late pregnancy based on our more recent analysis of a much larger and more racially diverse 

population. Risk factors for anemia were identified as Black race or Hispanic ethnicity, being 

underweight at entry into pregnancy, being multiparous or carrying a multiple birth pregnancy. 

Identifying these risk factors may help inform targeted iron supplementation recommendations in 

obstetric clinical practice. These data have contributed to the current knowledge of hemoglobin 

concentrations in U.S. pregnant women and identified additional risk factors associated with 

increased risk of anemia across pregnancy.  

The main findings from the Aim 2 provided a better understanding of the impact of 

parasitic infections and iron supplementation on iron metabolism in toddlers residing in a malaria 

and helminth endemic environment. This study was one of the largest stable iron isotope studies 

and it uniquely followed the change in RBC iron isotopic enrichment over an 84-day period post-

dosing in otherwise healthy toddlers residing in a malaria- and helminth-endemic area. The 

strongest determinant of RBC iron incorporation was TBI. TBI likely better captures iron 

demands as it is calculated using biomarkers of tissue demand and storage iron. We also reported 

that toddlers who received iron supplementation exhibited significantly greater loss of RBC iron 

isotope enrichment over time. This greater loss of RBC iron enrichment may be indicative of 

increase in size of RBC pool and increased erythropoietic demands due to the provision of iron 

among anemic or helminth infected toddlers. 

The findings from Aim 3 highlighted the shared and unique genetic variants that have 

been associated with iron status biomarkers and explored possible differences in iron status as a 

function of ethnicity using published data. For the first time, we pooled existing published data 

and demonstrated that East Asians had significantly higher iron status (serum ferritin, transferrin 
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saturation) compared to Europeans, African Americans, or South Asians. Supportive of other 

published data we also found that Black adults exhibited significantly lower Hb concentrations 

compared to other ethnic groups. These data contribute to this literature and may help inform 

subsequent population-specific recommendations and personalized nutrition interventions for 

iron-related disorders. 

Future Directions 

This doctoral research provided novel insights into physiological, environmental and 

genetic factors that impact iron homeostasis. These data also lead to new research questions. 

Further studies are needed to evaluate the impact of maternal anemia on iron status in the 

newborn at birth and to characterize its potential impact on birth outcomes. Targeted 

identification of women at greater risk for ID and IDA may help inform interventions to improve 

the in-utero environment in support of healthy birth outcomes. Additionally, for environmental 

factors, future longer-term stable iron isotope studies may provide greater insight into whole 

body iron homeostasis and adaptations to parasitic infections or iron supplementation in 

vulnerable age groups such as children. Lastly, more genome-wide and candidate gene 

association studies of iron homeostasis are needed in ethnically diverse populations. Additional 

characterization of the genetic basis of ethnic differences in iron metabolism and on how this 

affects disease susceptibility among different ethnic groups are needed to help inform 

population-specific dietary iron intake recommendations and to help screen at-risk populations. 

Multidisciplinary approaches that consider physiological, environmental and genetic factors may 

best predict iron disorders in specific populations and help develop the most effective 

interventions to maintain adequate iron status.   
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Appendix Table 1.  Commonly utilized biochemical indicators of iron status1 

Biomarker Function of Indicator Confounders Cut-offs 

 in Non-pregnant Healthy 

Adults 

SF 

 

Indicator of storage iron  Inflammation and 

infection; menstruation 

and childbirth; blood 

donations; alcohol intake; 

liver disease and 

malignancy 

Deficiency: 

 <12-15 μg/L(1) 

 

Overload: 

> 150 μg/L in menstruating 

females 

> 200 μg/L in males and 

non-menstruating females 

(1) 

sTfR Indicator of tissue iron availability   Rate of erythropoiesis; 

chronic disease; sTfR 

assay dependent 

(Ramco/other ELISA kits 

or Roche) 

Deficiency: 

>8.5 mg/L if utilizing 

Ramco assay (2), or >4.4 

mg/L for women and >5.0 

mg/L for men if utilizing the 

Roche Hitachi analyzer (3) 

 

Overload:  No set cut-off 

ZPP or EP Indicator of iron supply to bone 

marrow 

Rate of erythropoiesis; 

lead poisoning; low 

diagnostic sensitivity and 

specificity; high day-to-

day variation  

Deficiency: 

>40-80 μg EP/dL of red cells 

(4) 

 

Overload:  No set cut-off 

 

SI  Circulating transferrin-bound iron   Infection and 

inflammation; varies from 

day-to-day and after 

meals; under circadian 

rhythmicity; sample easily 

contaminated  

Deficiency: 

<50-60 μg/dL (4) 

 

Overload:   No set cut-off 

TIBC Measure of the total number of 

transferrin binding sites per unit 

volume of plasma or serum 

Large overlap between 

normal values and values 

in iron deficiency  

No set cut-offs. TIBC by 

itself is not used as a 

measure of iron status 

TSAT Indicator of iron supply to tissues 

 

(Formula = serum iron/TIBC) 

Same as serum iron and 

TIBC 

Deficiency:  

<15% (4) 

 

Overload:  

>45% (4) 
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1EP, erythrocyte protoporphyrin; Hb, hemoglobin; MCH, mean cell hemoglobin; MCV, mean 

cell volume; SF, serum ferritin; SI, serum iron; TBI; total body iron; TF, transferrin; TIBC, total 

iron binding capacity; TSAT, transferrin saturation; UIBC, unsaturated iron binding capacity; 

ZPP, zinc protoporphyrin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Table 1 (Continued)   

Hb Measure of anemia and proxy of 

functional iron   

Low 

sensitivity/specificity; 

does not detect recent 

changes  

Deficiency: 

12 g/dL in women 

13 g/dL in men (5) 

 

Overload:   No set cut-off 

Soluble transferrin 

receptor to serum 

ferritin ratio 

Represents iron status in the 

setting of inflammation, infection 

or chronic disease  

(Formula = sTfR/SF) 

sTfR is assay dependent  Deficiency:  No set cut-off 

 

Overload:   No set cut-off 

TBI Provides a measure of the 

magnitude of iron deficiency that 

is independent of the hemoglobin 

concentration. Helps distinguish 

between iron deficiency anemia 

and anemia of chronic disease 

(Formula = - [log (serum 

transferrin receptor/serum ferritin) 

– 2.8229]/0.1207) 

Same as sTfR and SF Deficiency: 

<0 mg/kg body weight (6) 

 

Overload:   No set cut-off 
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Appendix Table 2. Genetic variants shown to be associated with biomarkers of iron status 

in healthy populations stratified by ethnic group1,2 

Chromosome Gene(s)3 Variants4 

(amino acid change) 

Iron Status-Related 

Phenotype 

References 

Europeans 

6 HFE5 

 

rs1800562 (C282Y), 

rs1799945 (H63D) 

 

SF, SI, TF, TIBC, 

TSAT, SF, sTfR, 

sTfR:SF, UIBC 

(7,8,17,9–16) 

 

3 TF5 rs8177240, rs8177179, 

rs1799852 (L247L), 

rs3811647, rs1358024, 

rs452586, rs4428180, 

rs8177224, rs3811658, 

rs8177248, rs1880669,  

rs1525892, rs9824452, 

rs7638018, rs2280673  

SI, TF, TSAT, TIBC, 

UIBC 

(7–9,11–13, 

15,16) 

 

22 TMPRSS65 rs855791 (V736A), 

rs4820268 (D521D), 

rs228918, rs228919, 

rs228921, rs5756520, 

rs2111833, rs2235324, 

rs1421312, rs2743825  

sTfR, sTfR:SF, SI, 

TF, TSAT, SF 

(7–15,18) 

 

2 FPN15/ 

WDR75 

rs744653 TF, SF (9,10) 

3 TFR1 

(TFRC)5 

rs9990333 TF  (9) 

7 TFR25 rs7385804 SI, TSAT (8,9) 

6 SLC17A1 rs17342717 SF (8)  

11 PCSK7 rs236918 SF (10,14) 

9 ABO rs651007 SF (9) 

17 TEX14 rs411988 SF (9) 

11 ARNTL rs6486121 TF (9) 

11 FADS1 rs174577 TF (9) 

8 NAT2 rs4921915 TF (9) 

3 SRPRB rs9843728, rs1830084, 

rs6794676, rs6794945, 

rs13061203, rs9853615 

TIBC, UIBC (12)  

18 KIAA1468 rs9948708, rs11877669  TIBC, SI (12,18) 

20 TMEM90B rs11700002 TIBC (12)  

7 RPA3 rs10263415 sTfR (12)  

8 SAMD12 rs2460970, rs880034 TBI; SF (12)  

1 SLC44A3 rs735937 SI (18) 
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Appendix Table 2 (Continued)   

2 CAPN13 rs17010141 SI (18) 

3 GRM7 rs11131063, rs1353828, 

rs9880404, rs965170, 

rs10866078 

SI (18) 

5 TGFBI rs756462 SI (18) 

6 CD109 rs9442947 SI (18) 

7 MAD1L1 rs1176717 SI (18) 

8 LPL rs270 SI (18) 

9 STOM rs16910559 SI (18) 

11 NELL1  rs1670646 SI (18) 

14 TTC7B rs1286474 SI (18) 

15 SHC4 rs16961946 SI (18) 

18 DLGAP1 rs17725070 SI (18) 

18 PTPRM rs7505939 SI (18) 

Asians 

22 TMPRSS65 rs855791 (V736A), 

rs4820268 (D521D), 

rs2413450 

SI, TSAT, FEP, SF (19,20)  

3 TF5 rs3811647 TF, TIBC (19) 

7 TFR25 rs7385804 SI (19) 

2 PMS1/ 

FPN15 

rs574933, rs3791770, 

rs3791773 

SF (21) 

2 ANKAR rs1550388, rs1225101 SF (21) 

2 OSGEPL1 rs1898569, rs4666783 SF (21) 

2 ORMDL1 rs2289404 SF (21) 

Africans 

3 TF5 rs8177253 TIBC (22) 

X G6PD/ 

GAB3 

rs141555380 SF (22) 

6 HDGFL1/ 

NRSN1 

rs115923437 TIBC (22) 

16 MAF/ 

DYNLRB2 

rs16951289 TIBC (22) 

10 CUBN rs10904850 SI (12)  

Hispanics 

6 HFE5 rs1800562 (C282Y), 

rs1799945 (H63D) 

TIBC, TSAT, SF, SI (23) 

3 TF5 rs4637289, rs2692666, 

rs1405023, rs6762719 

TIBC, TSAT (23) 

22 TMPRSS65 rs855791 (V736A) TSAT, SI (23) 

8 PPP1R3B rs4841132 TIBC (23) 
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Appendix Table 2 (Continued)   

11 FADS2/ 

MYRF 

rs174529 TIBC (23) 

X GAB3 rs141555380 SF (23) 
1ABO, alpha 1-3-N-acetylgalactosaminyltransferase and alpha 1-3-galactosyltransferase; ANKAR, ankyrin 

and armadillo repeat containing ; ARNTL, aryl hydrocarbon receptor nuclear translocator like; CAPN13, 

calpain 13; CD109, cluster of differentiation 109; CUBN, cubilin;  DLGAP1, DLG associated protein 4; 

DYNLRB2, dynein light chain roadblock-type 2; FADS1, fatty acid desaturase 2; FPN1, ferroportin 1; 

G6P, glucose-6-phosphate dehydrogenase; GAB3, growth factor receptor bound protein 2-associated 

protein 3; GRM7, glutamate metabotropic receptor 7; HDGFL1, hepatoma-derived growth factor-like 

protein 1; HFE, high iron protein; KIAA1468, RAB11 binding and LisH domain, coiled-coil and HEAT 

repeat containing; LPL, lipoprotein lipase; MAD, MAX dimerization protein 1; MAD1L1, mitotic arrest 

deficient 1 like 1; NAT2, N-acetyltransferase 2; NELL1, neural EGFL like 1; NRSN1, neurensin 1; 

ORMDL1, ORMDL sphingolipid biosynthesis regulator 1; OSGEPL1, O-sialoglycoprotein endopeptidase 

like 1; PCSK7, protein convertase suntilisin/kexin type 7; PMS1, postmeiotic segregation increased 1; 

PPP1R3B, protein phosphatase 1 regulatory subunit 3B; PTPRM, protein tyrosine phosphatase receptor 

type M; RPA3, replication protein A3; SAMD12, sterile alpha motif domain containing 12; SF, serum 

ferritin;  SHC4, SHC adaptor protein 4; SI, serum iron; SLC44A3, solute carrier family 44 member 3; 

STOM, stomatin; SLC17A1, solute carrier family 17 member 1; SRPRB, signal recognition particle 

receptor subunit beta; TBI, total body iron; TEX14, testis expressed 14; TF, transferrin; TF, transferrin; 

TFR1, transferrin receptor 1; TFR2, transferrin receptor 2; TGFB1, transforming growth factor beta 1; 

TIBC, total iron binding capacity; TMEM90B, synapse differentiation inducing 1; TMPRSS6, 

transmembrane serine protease 6;  TSAT, transferrin saturation;TTC7B, tetratricopeptide repeat domain 

7B; UIBC, unsaturated iron binding capacity; WDR75, WD repeat domain 75. 
2Both genome-wide and candidate gene association studies included. All studies adjusted for varying 

covariates in their analyzes (i.e. sex, age, principal component scores, among other study-specific 

variables).   
3 Variants within or in close proximity to specified gene(s). 
4 Variants shown to be associated with variation in one or more of the iron status indicators listed on the 

iron status-related phenotypes column. Only associations that remained significant after multiple testing 

correction are included. Only SNPs with known genes nearby included. 
5 Known iron-related genes.  
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Appendix Table 3. Summary of literature on iron status in different ethnic populations1 

 Ethnic groups comparison 
Literature with 

characterization data 

Literature with 

clinical correlates 

data 

Studies designed to 

evaluate ethnicities 

differences in iron 

status 

European vs. African American vs. 

Asian vs. Hispanic 

 

(24),(12,25–27)2,(28)3 (29)2,(30)4 

European vs. African American vs. 

Hispanic 
(31)2,(32)3 - 

European vs. African American vs. 

Asian 
(33) (34) 

European vs. African American 

 

(35–39), 

(40,41)2,(42,43)5 

(44)2 

 

European vs. Asian (45),(46)5 - 

European vs. Native American (47) - 

Studies 

characterizing iron 

status in single 

ethnicity 

European 
(48,49,58–62,        50–

57),(63)3 
- 

Asian (64–67),(21,68–71)2 
(20,72–81), 

(82,83)2,(84)6 

African American (22) - 

Hispanic - (23) 
1The study type was categorized as either a study characterizing iron status in large cohorts or a study 

designed to compare case-control to a specific clinical condition. The most common clinical conditions 

that might be associated with iron status examined in the literature are iron deficiency, anemia, iron 

overload, diabetes, and metabolic syndrome.  
2Literature was excluded from statistical analyses because of repeat study cohort. 
3Literature was excluded from statistical analyses because pregnant and/or breastfeeding women were the 

study subjects. 
4Literature was excluded from statistical analyses because frequent blood donors were the study subjects. 
5Literature was excluded from statistical analyses because iron status data were not available. 
6Literature was excluded from statistical analyses because there was no iron status reported by sex. 
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