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This study evaluated growth parameters, dietary intake, and iron status indicators in nine 

exclusively breastfed and eight exclusively formula fed infants at six months of age to 
' 

investigate the sensitivity of transferrin receptor in detecting early iron deficiency. The 

formula fed infants took a high~r proportion of total calories (p<0.001) and iron 

(p<0.001) from cereal than did the breastfed infants. A negative correlation of protein 

intake per kg of body weight with transferrin receptor levels (p=0.005) was found in the 

breastfed group. The transferrin receptor was negatively correlated with ferritin in the 

breastfed group (p=0.034) and positively in the fomula fed group (p=0.038). Ferritin was 

negatively correlated with hemoglobin (p=0.031) and erythrocyte protoporphyrin levels 

were positively correlated with length gain per day in the formula fed group (p=0.031 ). 

One infant in the formula fed group was found to have a-thalassemia and when removed 

from the analysis negated the correlations of ferritin and transferrin receptor and ferritin 

and hemoglobin in the formula fed group. The amount of cereal fed was positively 

correlated with ferritin (p=0.033), and hemoglobin (p=0.047) in the breastfed group. 

Transferrin receptor was helpful in identifying iron depletion in 33% of the breastfed 

group. With the exception of the infant with a-thalessemia, the formula fed group was in 

an iron replete state. 
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I. INTRODUCTION 

A. Statement of the Problem 

The serum transferrin receptor (TfR) has promise as an early indicator of iron deficiency 

anemia. Currently, hemoglobin level is the measurement most often used to detect iron 

deficiency anemia in infants. However, hemoglobin levels are not sensitive to the early 

stages of iron deficiency anemia. Assays for measuring serum transferrin receptor values 

have recently been made available for clinical research. The usefulness of the assay in 

detecting iron deficiency anemia in breastfeeding and formula feeding infants has not 

been determined. The aims of the present study were to evaluate transferrin receptor 

levels in exclusively breastfed and non-breastfed infants at six months of age and identify 

correlations of transferrin receptor levels in these infants with hematologic indicators of 

iron status. Additionally, the purpose of the study was to provide data for a future 

investigation of the predictive value of TfR levels at six months of age with the 

development of hematological indicators of iron deficiency anemia at twelve months of 

age. 

B. Review of Related Literature 

Iron Regulation 

Optimal iron balance occurs when functional iron-containing compounds are within 

normal lhnits and a reserve depot of storage iron is present. The body iron content must 

be maintained by an absorption rate that meets physiologic body losses. Total body iron 

rises during growth. Significant storage depots of iron are not accumulated until 

adulthood. A healthy adult body contains between 3 and 4 g of iron. The storage depot 

1 



2 

of iron is approximately I 000 mg in the male and 300 mg in the female during 

reproductive years slowly reaching male storage capacity after menopause.1 Serum 

ferritin levels are low during late infancy (between 20 and 30 ug/L) and throughout 

adolescence with most of the absorbed iron being used for an expanding red cell mass 

during growth. 1 ~e external iron exchange that occurs is relatively low in comparison to 

the total body iron content. Basal daily obligatory losses are only about 0.8-1 mg. 

However, an imbalance between iron losses and dietary iron absorption can result in 

either iron deficiency or iron overload. 

Iron balance is regulated by the bioavailability, absorption, use and loss of iron . 

. Absorption of iron increases with iron depletion and decreases when stores are repleted. 

The dietary iron content and its bioavailability influence the amount of iron the 

gastrointestinal mucosa can absorb. When erythropoietic needs for iron are not satisified 

(such as in iron-deficiency anemia and iron-loading anemia), absorption also increases. 

Therefore, two different regulators of iron absorption-an erythroid regulator and a store 

regulator-function to maintain iron balance.2 

In iron-deficiency anemia, the acute stimulation of erythropoiesis results in a prompt rise 

in the absorption rate of iron34 and a concomitant reduction in iron stores.4 In other 

states of anemia, such as congenital spherocytosis and thalassemia major, absorption 

rates differ. In congenital spherocytosis, where the problem lies in the lack of 

mechanical stability of the erythrocyte due to inadequate spectrin in the skeletal 

structure, erythropoiesis is increased because ofhemolysis of the erythrocyte.5 However, 

iron absorption is not increased because iron is released from the breakdown of red blood 

cells and scavenged for reuse by the reticuloendothelial system of the spleen. In 

thalassemia major a defective synthesis of one or more hemoglobin chains causes 

erythropoiesis to increase, but erythropoiesis is ineffective and the absorption of iron is 



inappropriately increased. 5 Therefore, it is not the rate of erythropoiesis that regulates 

absorption but some other unknown component of erythropoietic activity. 
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Iron is an important component of heme which is contained in many proteins involved in 

oxidative metabolism. Iron is also present in nonheme enzymes and is a cofactor for 

other enzymes. Heme, which is a part of hemoglobin, is required for oxygen transport 

from the lungs to the tissues and is a part of myoglobin which is required for the storage 

of oxygen for use during muscle contraction. Heme and nonheme pools are present in the 

duodenum and proximal jejunum where absorption by different mechanisms occurs. 

Dietary iron is primarily in the form of nonheme iron and the percentage absorbed 

depends on the quantity consumed, the individual's iron nutritional status, the rate of 

erythropoiesis, and the presence of iron absorption inhibitors (phytates, polyphenols, etc.) 

or enhancers (meat and ascorbic acid). 3 Staple cereal-based diets contain very large 

amounts of inhibitors and negligible _amounts of enhancers and decrease the amount of 

iron absorbed compared to diets that are meat based. Nonheme iron must reach the 

intestinal mucosa in an ionic form for optimal absorption, 6 whereas heme iron is 

absorbed directly as an iron-porphyrin complex by the mucosa_7-9 Iron stores have a~ 

inverse relationship with iron absorption, both in studies where iron stores were 

measured directly10-11 and in studies where only serum ferritin was measured. 12 Each 

ug/L of serum ferritin is an indicator of 8 to 10 mg storage iron. 13 

Iron absorption slowly rises as iron stores decline but once stores approach depletion, a 

steep rise in absorption occurs.10 The maximum absorption during iron deficiency 

anemia is 4-5 mg daily. When the hemoglobin mass is at normal levels, the absorption 

rate drops and stores are maintained with an absorption of approximately 1 mg of iron 

daily. 
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The major iron transport protein is transferrin which is an 80,000 dalton glycoprotein 

with two iron binding domains and a halflife of 8 days. l l-12 Iron newly absorbed from 

the gastrointestinal mucosa! cells and from the breakdown of senescent erythrocytes 

composes the majority of the iron bound to circulating transferrin. If these sources are 

insufficient, storage iron is used. Much of the iron bound to transferrin is destined for 

incorporation into heme in the erythropoietic cells of the bone marrow. 

Cell surface transferrin receptor (TfR.) is a transmembrane glycoprotein with two equal 

subunits of 94,000 molecular weight and a half life of 60 hours. It predominates on 

erythroid and placental cell surfaces and is found on all other cell surfaces as 

wel!. 13-15 Diferric transferrin has a high affinity for cell surface transferrin 

receptors. 16-17 

Cellular iron status and cell growth regulate transferrin receptor abundancy. The 

maturing normoblast acquires iron from transferrin by receptor-mediated endocytosis. 
' 

During cell growth, as the erythroid cell matures, the number of TfR. per cell is highest in 

the intermediate normoblast stage as hemoglobin is formed. 18 Once the reticulocyte 

matures further to reach the erythrocyte stage, the transferrin receptors disappear. A 

fragment corresponding to the receptors' extracellular part is complexed with transferrin 

and found in the circulation. 19 The concentration of TfR. found in circulation is closely 

related to the erythroid mass. 20 When a cell needs additional iron, an up-regulation of 

transferrin receptor synthesis occurs to allow the cell to compete more effectively for 

circulating transferrin iron.21 The intracellular regulating iron pool determines the 

affinity of the iron responsive element binding protein (IRE-BP) to special stem-loop 

structures (iron responsive elements or IRE) on the transferrin receptor messenger 

ribonucleic acid (mRNA). 
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Iron is stored within tissues as ferritin (a soluble, mobile form) or hemosiderin (an 

aggregated insoluble form). The amount of iron stores is dependent upon the life stage 

(infancy versus adulthood), previous iron nutrition, menstruation or pregnancy in women, 

and the presence or absence of iron-loading disorders such as hemochromatosis or 

thalassemia major. Except in cases of iron overload, more storage iron is present in 

ferritin. A small quantity of ferritin is in the plasma and it is considered an index of body 

stores of iron in most cases. An absence of iron stores is not believed to have any 

adverse consequences but does indicate that iron nutrition is marginal and any further 

declines in body iron is associated with a decrease in functional compounds. 

Iron Metabolism in the Infant 

Hematopoiesis begins by the third week of gestation with the formation of red blood 

cells in the yolk sac mesenchyme. By 2 month's gestation the production of platelets, 

leukocytes and erythrocytes occurs in the liver. Not until the third trimester does 

hematopoiesis shift from the liver to take place primarily in the bone marrow. During 

yolk sac erythropoiesis, embryonic hemoglobins are produced and are replaced in the 

hepatic phase by fetal hemoglobin (hemoglobin F azY2). Erythropoietin begins to control 

erythropoiesis at the time of the hepatic hematopoiesis phase in fetal life. The fetus has a 

high hemoglobin as a result of the low pO2 during gestation causing increased fetal 

production of erythropoietin. In the third trimester, beta chain production increases to 

form hemoglobin A (a2B2)-

Profound changes in iron metabolism and the rate of erythropoiesis occur after birth. At 

birth, nucleated red blood cells (NRBC) are present and the reticulocyte count is 

approximately 4-5% of total red blood cells. Red cells contain mainly fetal hemoglobin 

(Hb F), comprised of two alpha chains and two gamma chains. Adult hemoglobin begins 

to replace Hb F over the next two months and fetal hemoglobin largely disappears. 



Developmentally-associated changes which influence tissue oxygenation include 

increased partial pressure of oxygen in arterial blood as oxygen exchange switches from 

dependency on the placenta during gestation to dependency on the lungs, a change from 

fetal to adult hemoglobin synthesis, an increase in intraerythrocyte 2,3-

diphosphoglycerate concentration and a switch from liver to kidney erythropoietin 

production.22-25 
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After term birth, the lungs expand and oxygen saturation increases from 65% during 

gestation to nearly l 00% which results in a decline in erythropoietin production and a 

resultant curtailment of erythropoiesis. Other changes in erythropoiesis in the first week 

of life include a rapid fall of erythropoietin levels from its initial elevation to 

undetectable levels, a decline of red cell precursors in the bone marrow from 40% of 

nucleated elements at birth to 10%, and a rapid decrease in reticulocytosis. The 

destruction of erythrocytes exceeds their formation resulting in the release of iron and an 

increase in storage iron. 

As a result of this postnatal suppression of erythropoiesis and the expanding blood 

volume of the infant, a progressive decline in hemoglobin concentration has started by 

the end of the first week oflife. By 8-12 weeks oflife in term or 4-7 weeks oflife in 

preterm infants (<32 weeks), hemoglobin concentrations as low as 9.0 gm/dL for term 

infants and 7-8 gm/dL for preterm infants are not uncommon. This nadir is followed by 

the resumption of erythropoietin production and erythropoiesis, accompanied by the 

synthesis of Hemoglobin A in the presence of adequate iron stores. There is only a trace 

of gamma chain synthesis by 6 months of age and very little residual Hemoglobin F. 

Fetal red cells survive 60 days in contrast to the 120 day cycle of the red blood cell of 

older infants, children and adults. 



At birth, a high percentage of the body iron is in the form of hemoglobin with a 

·considerable amount also in body stores because of transplacentally acquired storage 

iron. 26 The total circulating iron is propm:tional to the blood volume. The iron content 

of the newborn infant averages about 75 mg/kg, 27 an amount that is adequate to 

maintain iron sufficiency for approximately four months of postnatal growth in term 

infants. Iron stores are nearly exhausted after the early months with the total body iron 

being present primarily in hemoglobin and myoglobin. 
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Plasma erythropoietin levels have been recently reported to be lowest in the first 

postnatal month and highest in the second postnatal month and negatively correlated with 

hemoglobin (p<0.0001) and positively correlated with reticulocytosis (p<0.0001).28 

These simultaneous patterns of change in plasma erythropoietin, hemoglobin and 

reticulocytes during normal infancy are consistent with postnatal perturbations in tissue 

oxygenation. They suggest a major role for erythropoietin in the regulation of 

erythropoiesis in healthy infants born at term. 

Relationship Between Iron Status of Mother and Infant 

Iron requirements are very high in pregnancy in order to supply the fetus, the placenta, 

and the increase in the maternal red cell mass. Needs of the first trimester are generally 

lower than the menstruating, non-pregnant woman but increase steeply in the second and 

third trimesters of pregnancy. An estimated 1000 mg of iron is needed to meet the total 

iron requirements of pregnancy. In adequate iron storage states, the red cell mass 

expands to about 450mg of iron in a 55-kgwoman.29 The requirements of iron during 

the second half of pregnancy cannot be met by dietary absorption. The amount of the 

deficit is dependent on the bioavailability of the iron in the diet but even an optimal diet 

of highly bioavailable iron cannot meet the physiologic need for iron in the latter stages 
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of pregnancy. Iron stores are important but few women have the estimated range of 300-

500 mg of storage iron to meet this need. Serum ferritin concentrations in representative 

samples of women at fertile age have shown that in about 25-30% of the women there are 

no iron stores and that in half the women iron stores only amount to about 150 mg.30-31 

Iron stores of250 mg are reported for 20% of the sample with less than 5% of the sample 

having iron stores of 400 mg. 

An understanding of the hormonal, hemodynamic and hematologic changes that occur in 

pregnancy is needed to differentiate women with iron deficiency from women 

experiencing the physiological anemia of pregnancy. Early in pregnancy a reduction in 

the total peripheral vascular resistance occurs especially in the kidneys, liver, breasts and 

skin. The combined effect of prostaglandins, progesterone and a reduced sensitivity to 

vasoconstricting agents like angiotensin II are responsible for the relaxation of vascular 

smooth muscle. There is also an increase in cardiac output and in the diastolic blood 

pressure. Simultaneously, the blood volume is expanding primarily from an increase in 

plasma volume. This dilutes the red cell mass, decreasing hemoglobin levels and is the 

basis for the physiological anemia of pregnancy. When hemoglobin levels are reduced in 

the non-pregnant state, an increased formation of erythropoietin and increased 

erythropoiesis occurs. Instead, a suppression of erythropoiesis in early pregnancy has 

been reported32 with an increase in erythropoietin levels documented later in 

pregnancy. 29 One explanation for the physiological anemia of pregnancy is that there is 

an increased level of2,3 diphosphoglycerate (2,3-DPG) in the erythrocytes.33-34 The 

increase of 2,3 -DPG in the erythrocytes results in a shift of the oxygen dissociation 

curve. There is a close relationship between red cell mass and basal oxygen consumption. 

The increase in 2,3-DPG would allow the same amount of oxygen to be delivered to 

tissues with a red cell mass that is on average 168 rnL less in a pregnant woman than in a 

non-pregnant woman.35 This means that less blood volume expansion is required in 



pregnancy and the iron requirement of pregnancy is Jess than had this increase in 2,3-

DPG not occurred. The increased 2,3-DPG level results in improved delivery of oxygen 

to the fetus. 

9 

The placenta has a generous supply of transferrin receptors facilitating the successful 

accumulation of iron in a competitive environment where the erythroid marrow of the 

pregnant woman also needs iron. 12 The highest concentration oftransferrin receptor of 

any tissue is in the human placenta. In the placenta, a continuous supply of transferrin 

iron from the mother is required for fetal growth. The maternal surface of the 

syncytioµ-ophoblast is the location of a unidirectional transport of transferrin iron. This 

transport occurs by receptor-mediated endocytosis.35-37 The human syncytiotrophoblast 

maintains a high level of transferrin receptor synthesis independent of fetal iron 

need.35,37 But the capacity of iron to transfer from the placenta to the fetus is limited by 

a threshold mechansim so that when severe maternal iron deficiency anemia is present, 

fetal iron deficiency exists.38 

Iron deficiency anemia diagnosed early during pregnancy is associated with increased 

risks ofpreterm delivery, low birth weight and perinatal mortality.39-46 Increased 

placental weight and a high ratio of placental weight to birth weight have also been 

linked to maternal anemia during pregnancy.47 

Serum ferritin has been used as an indicator of the relationship between iron status of the 

mother and that of the offspring yielding somewhat conflicting results. In a study of 

serum ferritin in 1541women during pregnancy, 41 had values below 12 ug/L at term and 

the mean cord blood ferritin was significantly lower in those with low values than in 

those with values> 12 uglL.48 In.a population of 30 pregnant women with normal 

serum ferritin levels at mid-pregnancy, supplementation of I 00 mg Fe daily in one-half of 
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the women from the third month of pregnancy yielded no difference in the ferritin level 

in cord blood in their infants when compared to the infants of the unsupplemented 

women_49 In a study of26 pregnant women at term, the six newborns of the mothers 

with the lowest serum ferritin values had lower serum ferritin, transferrin saturation and 

hemoglobin concentrations although the differences were not significant.50 Also it was 

observed that at six months of age, the infants of mothers who had not received iron 

supplementation during pregnancy had very low serum ferritin levels. In a study of 103 

pregnant women, there was a significant correlation between maternal and cord blood 

serum ferritin. In this group mothers with depleted iron stores and their infants had 

significantly lower ferritin concentrations, but fetal hemoglobin synthesis was not 

compromised.51 de Benaze et al. 52 reported that maternal and cord seum ferritin levels 

were lower when maternal iron deficiency was present; a finding which was magnified in 

the children at 2 months of age. A high prevalence of iron deficiency and anemia in late 

infancy among populations where anemia of pregnancy is highly prevalent has been 

documented. 53-54 Rios et al. 5o found that infants of mothers who had not received iron 

supplementation during pregnancy had very low serum ferritin levels at six months of 

age. In summary, when mothers are iron deficient in pregnancy, the infants also appear 

to be iron depleted as early as two months for some or in late infancy for others. When 

maternal iron stores are favorable during pregnancy or the mother is supplemented with 

iron, there does not appear to be a correlation of maternal iron stores in pregnancy with 

infant iron stores at delivery or in infancy. 

The concentration of iron in human milk does not seem to be correlated to the maternal 

dietary iron intake or hematological values in mildly anemic or in iron-supplemented 

mothers.55-59 A habitually high dietary iron intake or supplementation of the maternal 

diet with iron does not lead to an increase in the iron in breast milk. 60-6 l 
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Iron in the Infant's Diet 

To meet the need of iron for growth and to replace normal losses, iron intake must 

supplement the body &<>res. When to begin iron supplementation for full term infants is 

controversial. The American Academy of Pediatrics recommends iron supplementation 

from one or more sources be started between 4 and 6 months of age. 62 Sources include 

iron fortified infant formula and iron fortified infant cereal. In exclusively breastfed 

infants not receiving supplementary foods, iron supplementation is recommended at six 

months. 63 Iron fortified infant cereal is the preferred source of supplemental iron at six 

months for the breastfed infant. 

The iron content of human milk is highest immediately following parturition. 64 The 

mean value for iron concentration in human milk is reported to range from 0.2 to 0.9 

mg!L65-66 in the early weeks and approximately 0.35 mg/L thereafter.67-68 Iron in 

human milk is present in the fat globule membranes of the lipid fraction and in xanthine 

oxidase which is an iron-containing flavoprotein which oxidizes hypoxanthine to 

xanthine. Iron in human milk is also present in the low-molecular-weight fractions 

(citrate) and in lactoferrin where 30% of the iron in human milk is present. 68-71 High 

bioavailability of the iron in human milk has been reported in infants.72-74 This is 

believed to be due to the small amount present in the milk, the low content of inhibitors 

of iron absorption, the resistance oflactoferrin to gastric and duodenal digestion and a 

receptor for human lactoferrin (but not bovine lactoferrin) at the brush border of the 

gastrointestinal tract. 61, 75-77 Total iron absorption from human milk is believed to be as 

high as 50% but this value has been questioned by Fomon61 because the studies have 

used an extrinsic iron tag (radioactive iron) which Fomon believes will be incorporated 

solely by lactoferrin since it has a low level of iron saturation. Lonnerdal and Glazier 78 

have shown that nearly all of an extrinisic iron tag is incorporated into lactoferrin so that 
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absorption studies using this method are only reflecting the absorption of lactoferrin iron 

rather than total human milk iron absorption. 

Regardless, the breastfed infant receiving 0.75 Ud with 0.35 mg/L of iron will ingest 

only about 0.26 mg of iron. If 50% of the human milk iron is absorbed, the amount will 

be approximately 0.13 mg, an amount less than the estimated requirement of0.55 to 

0.75 mg/d.61 

Several studies have now shown that the infant breastfed for a prolonged period (>6 

months), who does not receive iron supplements, risks becoming iron deficient during the 

latter part of the first year of life. 59, 79-83 The prevalence of anemia in term infants is 

highest from 9-11 months of age. 61 Hertrampf et al. 82 reported that by nine months of 

age, the hemoglobin concentrations were low in 27% of the breastfed infants and 5% of 

the infants fed iron-fortified formula. Pizzarro et al. 83 reported differences in serum 

ferritin and hemoglobin concentrations between feeding groups. Of 102 nine-month-old, 

breastfed infants, 36.3% had serum ferritin concentrations less than 10 ng/rnL and 22.5% 

had hemoglobin concentrations less than 11 g/d.L. In contrast, in 310 nine-month-old 

infants fed iron-fortified formula, serum ferritin concentrations less than 10 ng/mL were 

found in 12.3% and hemoglobin concentrations less than 11 g/d.L in 3.8%. However, in 

these studies the infants received solid foods in addition to human milk or formula 

beginning between 4 and 6 months of age and the influence of additional dietary iron was 

not measured. Pisacane et al. 84 studied the iron status of 30 infants breastfed to their 

first birthday who had never received cow milk, medicinal iron, or iron-fortified formula 

or cereals and found 30% were anemic at 12 months of age. However, when the duration 

of exclusive breastfeeding was calculated for both the non-anemic babies and the anemic 

babies it was found that the non-anemic group had been exclusively breastfed 

significantly longer (6.5 vs. 5.5 months). In this study, exclusively breastfed was defined 



13 

as no solids and no liquids other than breastmilk. Of the infants exclusively breastfed for 

7 months or more, none were anemic while 43% of those breastfed exclusively for a 

shorter period of time were anemic. In addition, Pisacane et al. 84 found that infants 

breastfed for a prolonged period had good iron status at 12 and 24 months. 

Solid foods exert an inhibitory effect on the bioavailability of human milk iron, 80, 85-86 

although the mechanisms are not clearly understood. The question of when to introduce 

solid foods in infancy remains unresolved. Walter et al. 87 found, in a study of five 

feeding groups (I-fortified cereal, unfortified formula; 2-unfortified cereal, unfortified 

formula; 3- unfortified cereal, fortified formula; 4- fortified cereal, breastfed; and 5-

unfortified cereal, breastfed), that the percentage of infants removed from the study for 

low hemoglobin values and with two or more additional abnormal biochemical indices 

was highest for the breastfed, unfortified cereal group (27% ), followed by the unfortified 

formula, unfortified cereal group (24%); breastfed, fortified cereal group (13%); fortified 

cereal, unfortified formula group (8%) with the lowest percentage of anemia present in 

the fortified formula, unfortified cereal group ( 4% ). In the breastfed group, the addition 

of fortified cereal with the addition of solid foods at 4 months decreased the number 

excluded for anemia at eight, twelve and fifteen months. There were differences noted in 

the quantity of cereal taken by groups with formula fed infants reaching a mean amount 

of 30 g per day within 3 weeks of cereal introduction and the breastfed infants attaining a 

mean amount of25 g by 3.5 months after cereal was started. It could be argued that a 

higher quantitiy of fortified cereal ingested from an earlier period by breastfed infants 

may more closely approximate the results found in the formula fed infants fed with either 

fortified formula or fortified cereal. 

In contrast, preterm infants without an adequate intake of iron may develop iron 

deficiency after 2 months88 or 3 months. 89-90 Halliday et aI.91 studied iron nutriture in 
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premature infants (28-36 weeks gestation) receiving 1-4 mg iron/kg/day during their first 

year of life. They found evidence of iron deficiency in 26% of the patient population 

generally occurring after the age of 3 months. In preterm infants receiving iron 

supplementation during the first year of life but starting later than in the Halliday study, 

serum ferritin concentrations were found to be low in 54% of very-low-birth-weight 

infants at 12 months of age and in 74% of the same group at 15 months of age. 92 

Iron Deficiency and Iron Overload 

The effects of iron deficiency on brain growth and development during the pre-weaning 

period have been described.93-95 The brain depends on external sources oflipids from 

the diet and from hepatic synthesis. The myelin sheaths of the brain and spinal cord are 

80% lipid Lipid availability is dependent upon iron nutriture. Delta- 9 desaturase 

enzyme activities have been reported to be reduced in iron deficient animals 

accompanied by an alteration in phospholipid incorporation into membranes.96 The 

effect of an iron deficiency on lipid metabolism could have adverse effects during the 

myelination of the brain in infancy. The oligodendrocytes synthesize fatty acids97-98 and 

cholesterol for myelin production, processes that require iron. 99 

Iron deficiency that is severe enough to cause anemia has been associated with impaired 

performance on mental and psychomotor development tests. 54,l00-104 Significant 

improvements in test scores after 2 to 3 months of oral iron therapy have not been shown 

in infants with iron deficiency anemia and abnormal developmental tests_ 101,103,105 In 

' 
addition, subjects who had been anemic as infants performed less well on tests of 

cognitive function at 5 to 6 years of age than their peers even though they were in-good 

iron nutritional status at the time of the tests. 54,103 
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Impairment' of cellular immunity and neutrophil phagocytic function have been shown in 

vitro in the presence of milk iron deficiency. 106 In studies of white blood cells from 

iron-deficient subjects, the bactericidal activity of the iron-deficient neutrophil was 

reduced l07 and the respiratory burst was impaired.108-109 Joyson et al.110and Brock 

and Mainou-Fowler111 reported that.iron-deficient lymphocytes showed a reduced 

proliferative response to mitogens. Dallman 112 reported that antibody-mediated 

immunity in iron-deficient individuals appears to be normal. 

Knowledge of the detrimental role of excessive iron intake has led to concern over 

unnecessary or premature supplementation with iron. Iron is a potent oxidative agent and 

its use increases the need for antioxidant nutrients such as vitamin E. Excessive iron can 

cause a decreased absorption of other trace elements with similar absorption pathways 

like zinc, copper and manganese.113 Iron has been implicated as a risk factor for 

coronary heart disease114 and there is increased concern about the process of heart 

disease beginning in childhood. 115 There is also concern about iron's involvement in the 

initiation of free radical cascades which have been implicated in several types of tissue 

damage including carcinogenesis and neuronal death. Iron acts as a catalyst to form the 

highly reactive hydroxyl radical when superoxide and hydrogen peroxide are not quickly 

removed from their sit~ of formation by glutathione peroxidase. 116 

Detection of Iron Deficiency in Infancy 

Infancy is a time of rapid growth. The long term consequences of iron deficiency or 

overload underscore the importance of the detection of imbalances in iron nutriture early. 

Confirmation of iron deficiency requires a minimum of three to four biochemical 

markers. No single measurement gives a reliable measure of iron deficiency in the 

absence of anemia which is most likely to be the case in the infant who may be receiving 

inadequate dietary iron. By the time a deficit is evident, anemia is present. Current 



classifications of iron status have been defined as iron deficiency with anemia, iron 

deficiency without anemia, iron depletion, and iron repletion. These classifications are 

defined as follows. 

Iron deficiency with anemia Hemoglobin level two standard deviations below 
reference plus two of the following three 
measurements with abnormal levels: 

mean cell volume 
transferrin saturation 
erythrocyte protoporphyrin 

Iron deficiency without anemia Hemoglobin normal plus two of the following three 

Iron depletion 

Iron repletion 

measurements with abnormal levels: 
mean cell volume 
transferrin saturation 
erythrocyte protoporphyrin 

Low serum ferritin 

Iron sufficiency measured by normal hemoglobin and 
three normal iron indices. 

The Role of Transferrin Receptors in the Detection of Iron Deficiency 
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Kohgo et aI. 117 observed a high correlation between serum transferrin receptors and 

other iron parameters such as serum iron, total iron binding capacity and serum ferritin 

levels in patients with iron deficiency anemia but not in patients with hemolytic anemia. 

An increased transferrin receptor number on individual normoblasts is presumed to 

account for the sharp elevations in serum transferrin receptors in patients with iron 

deficiency rather than an increase in erythroid cellularity. 

Skikne et al.4 found the serum transferrin receptor measurement to be of particular value 

in recent onset iron deficiency. In 14 normal volunteer subjects, repeated phlebotomies 

to induce iron deficiency were performed. Measurements of serum iron, total iron

binding capacity (TIBC), erythrocyte protoporphyrin, red cell mean volume, serum 



17 

ferritin and serum transferrin receptor were performed repeatedly. As storage iron was 

being depleted, receptor levels did not change. When serum ferritin levels reached 

subnormal values, an increase in serum receptor levels was observed. The serum 

receptor level was found to be more sensitive and reliable as a guide to functional iron 

deficiency than the mean cell volume or erythrocyte protoporphyrin. Skikne et al.4 

proposed serum ferritin as an indicator of iron depletion, and an abnormal hemoglobin as 

an indicator of advanced iron deficiency, with mild iron deficiency ofrecent onset 

identified through the transferrin receptor. 

Ferguson et aI. 118 reported that transferrin receptor density was directly related to the 

tissue's iron requirements and was a sensitive measurement of the initial state of iron 

deficiency anemia. In addition, Ferguson indicated that the transferrin receptor level in 

the anemia of chronic disease remained normal during limited erythropoietin production 

implying that it is reliable in differential diagnosis. 

Maternal serum transferrin receptor concentrations increase during gestation when 

maternal iron deficiency is present. 119 An elevation of maternal serum transferrin 

receptor concentrations has been reported to occur earlier than changes in mean red cell 

volume or change in erythrocyte protoporphyrin concentration during gestation.4 In a 

trial of pregnant women in Jamaica, those given no iron in pregnancy were best 

distinguished from women given iron by the measurement of the concentration of the 

serum transferrin receptor. 120 

Normative data on transferrin receptor levels in early infancy have only recently been 

published. 121 Concentrations were reported to rise from 0.88 ug/mL to 1.97 ug/mL from 

weeks 4 to 16 of age, corresponding with the period of physiologic decline in 

hemoglobin. The transferrin receptor concentrations then declined at weeks 20 (1.47 
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ug/mL) and 24 (1.44 ug/mL) before rising again at week 28 (1.74 ug/mL) in a population 

of healthy, term infants fed iron-fortified formula. Transferrin receptor was correlated 

positively with erythropoietin (Epo) (p<0.001), reticulocytes (p<0.005) and transferrin 

(p<0.0001); and correlated negatively with hemoglobin (p<0.01) and serum ferritin 

(p<0.002). Using multiple regression analysis to identify the most highly correlated 

variables, transferrin receptor correlated positively with Epo (p<0.0001) and negatively 

with serum ferritin (p<0.0001). In this group of infants, the lowest serum ferritin (52.8 

ng/mL ± 7.8 SEM) did not reach levels indicative ofirqn deficiency. Kling et aI. 121 

speculated that iron availability to the erythron and serum Epo levels each independently 

influence serum transferrin receptor concentrations during infancy. 

The potential significance of the use of the transferrin receptor as a screening test in 

infancy is that iron deficiency anemia could be detected and treated·earty. It.may also 

help clinicians understand the impact of supplementary foods including iron fortified 

cereals on iron nutriture and assist in the development of specific feeding guidelines 

more closely matched to the physiological needs of the infant. The transferrin receptor 

assay may have promise as a better identifier of iron deficiency anemia than any other 

single assay. 



II. MATERIALS AND METHODS 

A. Subjects 

Study subjects were enrolled from infants who participate in the Special Supplemental 

Nutrition Program for Women, Infants and Children (WIC) or the Medical College of 

Georgia (MCG) breastfeeding program. Study subjects could not be randomly assigned to 

feeding groups. Exclusively breastfed was defined as infants who were breastfed from 

birth and received no formula or vitamin/mineral supplements. Exclusively formula fed 

was defined as infants who were formula fed from birth and received no breastmilk or 

vitamin/mineral supplements. To be eligible, the mother and infant pair met the 

following criteria: 

Mother 

I. No clinical evidence of malnutrition (weight for height and hemoglobin were within 

normal limits), lymphoproliferative disorders, renal disease, hematopoietic stem cell 

disorders, gestational diabetes, or serious underlying illness. 

2. Informed consent. 

3. Mother able to provide feeding history for infant. 

Infant 

I. Gestational age between 38-42 weeks. 

2. Weight appropriate for gestational age at birth. 

3. Enrolled in the WIC program at the Broad Street Health Department or the MCG 

breastfeeding program. 

4. Able to obtain sufficient blood for the study from one heel stick. 

19 
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Thirty two legal guardians of infants meeting the criteria for inclusion in the study were 

asked to participate. Five declined to participate. Of the 27 who agreed to participate, 

three infants did not bleed sufficiently to obtain the required amount of blood for the 

study protocol. Four study infants were dropped from the data evaluation for the 

following reasons: one infant ingested whole milk during the study period and one infant 

ingested formula without iron; one infant had abnormally low transferrin receptor levels 

accompanied by a low hemoglobin indicating a potential for a problem with bone 

marrow failure or red cell aplasia 117,128 and one mother fed no cereal to her infant 

(unlike the other study subjects) during the study period. 

The remaining 20 study participants were placed into four groups. The groups consisted 

of 9 infants who were exclusively breastfed, 8 who were exclusively formula fed, 1 who 

was predominantly formula fed but had practiced token breastfeeding (defined as< 20% 

of daily feeds at the breast) and 2 who were predominantly breastfed ( defined as <20% of 

daily feeds from formula). One of the exclusively breastfed infants did not bleed 

sufficiently for the CBC collection although a sample for the transferrin receptor and 

ferritin was obtained. For one of the exclusively formula fed infants, the amount of 

blood collected was not sufficient for the CBC to be run. The infant did have a 

hemoglobin value from the same heel stick taken by the health department which was 

included in the data. This infant did have enough blood collected for the ferritin and 

transferrin receptor assays. For one of the two predominantly breastfed infants no value 

was reported for the transferrin receptor. 

B. Diet and Anthropometry 

Three month old infants were identified for study participation at their mandatory second 

encounter visit for continued participation in the WIC program and during the routine 

follow-up provided to MCG patients who were breastfeeding. After obtaining informed 
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consent, the primary investigator interviewed the infant's mother about the method of 

feeding and vitamin/mineral supplementation of the infant from birth until three months 

of age. Anthropometric data (weight and length) at birth and on the date the blood was 

sampled were obtained from the WIC form used by the health department nutritionists to 

document second encounters or were gathered by the primary investigator. The parent or 

guardian was interviewed by the primary investigator at the six month visit and asked 

about feeding and supplementation practices from age three months to the date of blood 

sampling ( approximately six months of age). 

Total and daily values for iron, protein and energy intake from the cereal, formula and 

breastmilk were calculated based on patient interviews for the study period (three months 

of age to six months of age). Values for formula were based on formula containing 67 

kcal per dL, 2.1 g of protein/100 kcal, and 12 mg iron/L. 122 Values for breastmilk 

energy were based on the assumption that consumption is 85.5 kcal/kg/day. 123-124 The 

weight of the infant at sample one was used (85.5 kcal/kg/d) to estimate daily energy 

intake during the study period (age in days at sample one minus age in days at the mid

sample ). Values for iron were based on reported iron concentrations in mature human 

milk of 0.5 mg!L.66,68,70 Protein concentrations of mature human milk were based on 

reported values of 8.9 g!L. 125 Calculations for cereals were based on package labeling 

identifying 4 kcal/g of dry cereal, 0.067 g of protein/ g of dry cereal, and 0.45 mg of 

iron/g of dry cereat. 126 Cereal recall from the participants' mothers was based on 

reconstituted cereal ( 6 parts water to 1 part cereal). Food models were used in the dietary 

interviews to determine portions of cereal. The cereal ingested by study subjects was 

entered in teaspoons per day. The number of days cereal had been given was entered so 

that the total amount of cereal the infant received during the study period (mid-sample at 

age 3 months to sample 1 date at approximately six months of age) could be calculated. 



Calculations for iron, protein and energy per teaspoon of cereal were based on 

reconstituted cereal. 

C. Iron Status Determinations 
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At approximately six months of age, the infants were scheduled for a heel stick for a 

blood sample to check the .hemoglobin. The technician performing the heel stick was 

provided with heel warmers to increase blood flow to the heels of the study subjects so 

that an additional 1.5cc of blood could be obtained. The 1.5 cc was collected in three 

microtainers and one additional drop of blood was placed directly on a slide, mixed and 

read in the hematofluorometer (Aviv Biomedical, Inc.; calibrated with standards Lot# 

ST0708) for the erythrocyte protoporphyrin level. One of the microtainers (purple top) 

was taken to the receiving lab at the Medical College of Georgia for a complete blood 

count (CBC) by Coulter Counter model ZN (Coulter, Hialeah, FL). The remaining two 

microtainers (red tops) were taken to the neonatal nutrition lab and spun in the centrifuge 

for ten minutes. The serum was aspirated and frozen at -70 degrees c0 until the serum 

ferritin and serum transferrin receptor assays were completed by the enzyme 

immunoassays. 

When the infant is one year old, WIC requires an additional re-certification appointment 

which involves a heel stick to check the hemoglobin level. Study participants who are 

followed by the MCG breastfeeding project staff will be scheduled for an appointment at 

one year. The same procedure outlined above for the collection and testing of an 

additional 1.5 cc of blood will be followed for the one year visit. Information about 

anthropometric data and feeding history for the six month period between the two 

recertification visits (six months of age and one year of age) will be obtained by the 

primary investigator from the WIC record as documented by the WIC nutritionists or the 

MCG breastfeeding project record. 
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D. Procedures for the Enzyme lmmunoassays for Quantifying Ferritin 

and Human Transferrin Receptors 

The enzyme immunoassay for quantifying the serum ferritin is based upon the double 

antibody sandwich method. The enzyme immunoassay used was provided by Ramco 

Laboratories, Inc. The assay has been described previously. 127 Samples were prepared in 

duplicate. A standard curve of absorbance versus ferritin concentration was calculated by 

linear regression from the data derived for the standards. The correlation coefficient for 

the standard curve was 0.99. The absorbance for each sample was averaged and the 

average value was inserted into the linear estimation equation to solve for the 

concentration of ferritin. 

The enzyme immunoassay for quantifying the serum transferrin receptor is based upon 

the double antibody sandwich method. The enzyme immunoassay used was provided by 

Ramco Laboratories, Inc. The range of the assay is 0.07 ug/mL to 40 ug/mL. 

Prior to initiating the assays, the samples were removed from the storage and placed on 

ice. Tubes were labeled with the log numbers of the samples. The assay kit provided a 

96 microwell plate pre-coated with antihuman polyclonal antibody to TfR. A grid 

corresponding with the microwell plate was written on paper to identify the controls, 

standards and samples by log number. The controls (high and normal) and standards for 

the assay were diluted to a concentration of 1: 100 with sample diluent (phosphate 

buffered saline and detergent with ProClin 300tm as a preservative). Ten uL of serum 

sample was diluted in 990 uL of sample diluent (phosphate buffered saline and detergent 

with ProClin 300tm as a preservative) in duplicate. The samples were mixed in a Vortex 

Genie mixer for 2-3 seconds. Fifty uL aliquots of diluted controls, diluted standards, or 

diluted samples were transferred to microwells in duplicate. One hundred and fifty uL of 

horseradish peroxidase (HRP) conjugated murine antihuman monoclonal antibody was 
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pipetted into all the wells except the blanks. The microwell plate was rotated for ten 

minutes and then incubated for two hours at room temperature. The microwell plate was 

washed three times with wash solution ( concentrated phosphate buffered saline and 

detergent with ProClin 300tm as a preservative). Substrate solution A [stabilized solution 

oftetramethylbenzidine (TMB)] and substrate solution B (TMB in a citric acid buffer 

containing hydrogen peroxide) were mixed and 200 uL of the mixture was added to the 

controls, standards and samples. The microwell plate was incubated in the dark for thirty 

minutes. During this period, the color of the samples turned blue with the highest 

intensity observed in the samples with the highest amount of transferrin receptor. An acid 

stop solution (2.5 Molar sulfuric acid) was added after the incubation period which 

changed the color from blue to yellow. The substrate solution mixture (200ul) and stop 

solution (50 ul) were added to the two blank wells. A Titertek Multiskan MCC/340 plate 

reader was set at 450 nm and the microwell plate was read. The first r~ading gave a 

value of 0.039 for the blanks which was set on the plate reader so that the second reading 

gave the values for each microwell minus the blank value. A standard curve of 

absorbance versus TfR concentration was calculated by linear regression from the data 

derived for the standards. The correlation coefficient for the standard curve was 0.99. 

The absorbance for each sample was averaged and the average value was inserted into 

the linear estimation equation to solve for the concentration of transferrin receptor. 

E. Statistical Methods 

Chi-square statistic was used to test for differences in sex, race, and WIC participation 

among the feeding categories and to test for proportion of intake from formula and 

breastrnilk between these two major feeding categories. Analysis of Variance followed 

by Tukey's HSD (honestly significant difference) was used to compare means for 

anthropometric, dietary and iron status variables for all the feeding categories. Non

paired Student's t-tests (one and two-tailed) were used for comparison of means between 



two major feeding categories - exclusively breastfed and exclusively formula fed. 

Pearson's correlation coefficent was used to describe associations between the 

anthropometric, dietary intake and iron status variables. 

2S 



ill.RESULTS 

A. Descriptive Statistics 

The 20 study participants were placed into four groups. The groups consisted of 9 

infants who were exclusively breastfed, 8 who were exclusively formula fed, I who was 

predominantly formula fed but had practiced token breastfeeding ( defined as < 20% of 

daily feeds at the breast) and 2 who were predominantly breastfed ( defined as <20% of 

daily feeds from formula). The two categories with one and two subjects were dropped 

because of the small size and all of the calculations were on the two remaining groups of 

either exclusive breastfeeders or exclusive formula feeders. 

There was no significant difference in the gender of the study infants by feeding groups. 

There were six males and three females in the formula group and four males and five 

females in the breastfed group. There was a significant difference by Chi Square analysis 

in race (p=.029) between the exclusively formula and exclusively breastfed group with 

seven whites and two blacks in the breastfed group (n=9) and two whites and six blacks 

in the formula group (n=8). There was a significant difference in WIC participation by 

feeding groups. All subjects in the exclusively formula fed group participated in the WIC 

program while only two of the nine in the exclusively breastfed group were WIC 

participants (p=0.0008). 

The ages of the sample population by feeding categories were not significantly different 

by one way analysis of variance (ANOVA) followed by Tukey's HSD. However, the ages 

were found to be significantly different using the Student's t-test for independent 

samples of feeding category comparing the exclusively formula fed group to the 
26 
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exclusively breastfed group. The mean age of the exclusively formula fed group was 199 

±23 days (mean ±SD) and the mean age of the exclusively breastfed group was 179 + 

20 days (mean+ SD) (p=.037). Age was positively correlated with erythrocyte 

protoporphyrin (p=.045), transferrin receptor (p=.019), red cell distribution width 

(p=.0 17), and cereal amount ingested by study subjects (p=.011) in correlations of all 

subjects regardless of feeding group. Correlation between age and variables of food 

intake within feeding groups are presented in Table I. 

Table I. CORRELATIONS BETWEEN AGE AND SELECTED VARIABLES OF 

FOODINTAKE8 

Length of Weight Gain Total Total Protein Total 
Infants at Per Day Energy Protein Breastmilk Iron 

AGE 

Six Months 

Breastfed 

0.5846 
p=0.049 

a Pearson's correlations. r values given 

Formula Fed 

-0.6963 
p=0.028 

B. Anthropometric Results 

Formula Fed Formula Fed 

Breastfed Breastfed Breastfed 

0.7291 0.7064 
p=0.020 p=0.025 

0.7639 0.7573 0.7766 
p=0.008 p=0.009 p=0.007 

Weight- differences among feeding categories 

Formula Fed 

0.7294 
p=0.020 

There was no significant difference in the birth weight of the study infants by feeding 

group using ANOV A followed by Tukey's HSD and including all four feeding categories 

(p=.0659). When t-tests for independent samples of feeding category using only the 

exclusively breastfed and exclusively formula fed groups were analyzed, the difference 

was significant (p=0.026). The mean weight of the exclusively formula fed group was 
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3019 ± 462 grams (mean+ SD). The exclusively breastfed group had a mean weight of 

3636 ± 555 grams (mean± SD) (Table II). 

The infant's weight at six months was not significantly different by feeding category 

using ANOVA (p= 0.330) nor by t-test (p=0.553). The mean weight of the exclusively 

formula fed group was 8031 + 541 grams (mean+ SD) and the mean weight was 7752 + 

1194 grams (mean ±SD) in the exclusively breastfed group. 

Weightgain per day was calculated by subtracting the birthweight from the weight of the 

infant at the six mon~hs visit and dividing by the age in days. The exclusively formula 

fed group gained a mean of25 grams (2.8 SD) per day and the exclusively breastfed 

group gained a mean of 23 grams (7.3 SD) per day which was ·not significantly different 

(p=0.455). Because there was a significant difference in the age of the two groups, 

weight gain per day was analyzed with age as a covariant and the adjusted weight gain 

per day was 26 grams for.the exclusively formula fed group and 22.5 grams for the 

exclusively breastfed group. These differences were not significant (p=0.54). 
Table II. COMPARISON OF WEIGHT GAIN IN SELECTED 

FEEDING CATEGORIES 

Exclusively 
Formula 
Fed (n=8) 

Exclusively 
Breastfed (n=9) 

8 Student's Hest; JF0.026 

Birthweigh~ 

grams 

3019 
+462 

3636 
±555 

(Mean±SD) 

Weight at 
six months 
grams 

8031 
±541 

7752 
±1194 

Weight gain 
per day 
grams/day 

25 
±2.8 

23 
± 7.3 
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Weight- correlations between variables among all feeding categories 

Table III. presents the significant results of correlation coefficients for the relationships 

between infant weights and several food intake variables. 

Table III. Correlations Betwee11 Weight Variables A11d Other Variables 
For All Feedi11g Categories3•b 

Birthweight·Weight S1 Weight S1 Wf Gain/D! 

BIR LENG 0.6987 TOT ENE 0.7239: 

Q<0.001 Q<0.001 

LENG S1 0.5089 TOT PRO -0.4036 0.576 
Q=0.013 Q=0.039 Q=0.004: 

FERRITIN 0.4197 TOT FE -0.5971 
Q=0.033 Q=0.003 

ENE BM 0.5333 PRO/KG -0.5477. 

Q=0.008 Q=0.006. 

PRO BM 0.5134· FE/KG -0.599: 

Q=0.010 Q=0.003 

FE BM 0.5124 0.3902 ENE/KG 0.3875' 
Q=0.010 Q=0.044 Q=0.046 

ENE FR -0.6195 · FE/ DAY -0.574' 
Q=0.002 Q=0.004. 

PRO FR -0.6195 · ENE/DAY· 0.814! 
Q=0.002 Q<0.001 l 

FE FR -0.6195 'PRO/DAY· 0.5771' 
Q=0.002 Q=0.004 i 

a Pearson's correlations, r values [ri,lm 
bn=20 

Weight- correlations between variables within selected feeding categories 

Correlations between variables within the exclusively formula fed and exclusively 

breastfed categories have been summarized in Table IV to facilitate comparison. 



Table IV. CORRELATIONS OF WEIGHT VARIABLES 
WITH OTHER VARIABLES IN BREASTFED AND FORMULA FED INFANTs" 

Birthweight 

(BW) 

Weight at 
six months 
(WT S1) 

Breast Formula Breast Formula 

WT GAIN 
PERDAY 

LENG SI 

LENG GAIN 
PERDAY 

a Pearson's correlations 

0.6823 
p=0.03 

0.7822 
p=0.006 

0.892 
p=0.001 

Weight gain 
per day 

(WTG/D) 

Breast _ Formula 

1.000 
p=0.000 

1.000 
p=0.000 

0.7312 
p=0.020 

" C 



Table IV. CORRELATIONS OF WEIGHT VARIABLES 
WITH OTHER VARIABLES IN BREASTFED AND FORMULA FED INFANTS"-continued 

Birthweight 

(BW) 

Breast Formula 

ENE:MILK 

ENEDAY 

ENEKG 

TOTALENE 

a Pearson's correlations 

Weight at 
six months 
(WTSI) 

Breast Formula 

0.5809 
p=0.05 

0.9914 
p<0.001 

0.5902 
p=0.047 

Weight gain 
per day 
(WTG/D) 

Breast Formula 

0.7557 0.7307 
p=0.009 p=0.020 

0.6420 
p=0.043 

l, 
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Table IV. CORRELATIONS OF WEIGHT VARIABLES 
WITH OTHER VARIABLES IN BREASTFED AND FOMIULA FED INFANTS"-co11ti11ued 

Birth weight 

(BW) 

Breast Formula 

PROTMILK 

TOTPROT 

PROTDAY 

PROT KG 0.623 
p=0.034 

a Pearson's correlations 

Weight at 
six months 
(WT SI) 

Breast Formula 

0.5810 
p=0.05 

0.5936 
p=0.046 

0.9857 
p<0.001 

Weight gain 
per day 
(WT G/D) 

Breast Formula 

0.7420 
p=0.01 I 

0.8580 
J]?'0.003 

0.6795 
p--0.032 

' 
w 
"' 



FEBM 

TOT FE 

FE DAY 

FEKG 

Table IV. CORRELATIONS OF WEIGHT VARIABLES 
WITH OTHER VARIABLES IN BREASTFED AND FORMULA FEDINFANTSa 

-co11ti11ued 

Birthweight Weight at 
six months 
(WT SI) 

Weight gain 
per day 
(WTG/D) (BW) 

Breast Formula Breast Formula 

0.6817 
p=0.022 

0.6578 
p=0.027 

0.7849 
p=0.006 

Breast Formula 

0.7181 
p=0.022 

0.6213 
p=0.05 

a Pearson's correlations 

w 
w 



Table IV. CORRELATIONS OF WEIG/IT VARIABLES 
WITH OTHER VARIABLES IN BREASTFED AND FORMULA FED INFANTSa 

-co11ti11ued 

Birthweight 

(BW) 

Breast Formula 

FEP SI -0.6261 
p=0.036 

RBC SI -0.6454 
p=0.042 

MCH S 1 0.6376 
p=0.044 

MCHC SI 0.8012 
p=0.008 

a Pearson's correlations 

Weight at 
six months 
(WT SI) 

Breast Formula 

Weight gain 
per day 
(WTG/0) 

Breast Formula 

'-" ... 
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Length- differences among feeding categories 

There was a significant difference in the birth length of the study participants by t-tests 

by feeding category analyzing the exclusively breastfed and exclusively formula fed 

groups (p=0.013). The mean length of the exclusively formula fed group was 48.7 ±2.6 

centimeters (mean+ SD). The exclusively breastfed group had a mean length of 52.5 ± 

2.8 centimeters (mean± SD). The length at six months was not significantly different by 

feeding category (t-test, p=0.969). Length gain per day was calculated by subtracting the 

length at birth from the length of the infant at the six months visit and dividing by the age 

in days. Length gain per day was not significantly different between the exclusively 

breastfed or exclusively formula fed using t-test (p=0.229). The mean length gain per day 

was 0.077 cm ±0.025 for the exclusively breastfed group and 0.089 cm ± 0.015 for the 

exclusively formula fed group. Because there was a significant difference in the age of 

the two groups at six months, length gain per day was analyzed with age as a covariant 

and the adjusted iength gain per day was 0.09 cm for the exclusively formula fed group 

and 0.07 cm for the exclusively breastfed group. These differences were not significant 

(p=0.756). 

Table V. LENGTH PARAMETERS (centimeters) BY FEEDING CATEGORY 

Exclusively 
Formula 
Fed (n=8) 

Exclusively 
Breastfed (n=9) 

Birth Lengtha 
(LENG BIR) 

48.7 
±2.6 

52.5 
±2.8 

a Student's t-test; p=0.013 

(mean±SD) 
Length at Six Months 

(LENG Si) 

66.4 
±2.5 

66.4 
±3.I 

Length Gain per Day 
(LENGG/D) 

.089 
±.015 

.077 
±.025 
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Length- correlations between variables among all feeding categories 

Length at birth (Leng bir) was positively correlated with birthweight (p<0.001), energy 

intake from breastmilk (p=0.009), protein intake from breastmilk (p=0.008) and 

negatively correlated with energy intake from formula (p=0.003), protein intake from 

formula (p=0.003), protein intake per kg weight at sample 1 (p=0.003), fron intake from 

formula (p=0.003), total iron intake (p=0.003), iron intake per day (p=0.001), iron intake 

per kg weight at six months (p=0.001) and length gain per day (p=0.001 ). Length at six 

months was positively correlated with weight ~t six months (p=0.013), total energy intake 

(p=0.039), and length gain per day (p=0.009). Length gain per day was positively 

correlated with protein intake per day (p=0.046), and negatively correlated with length at 

birth (p=0.001) and ferritin (p=0.30). See Table VI for the correlations between length 

variables and other variables in the breastfed and formula fed groups. 

Table VI. CORRELATIONS OF LENGTH VARIABLES 
WITHIN SELECTED FEEDING CATEGORJEs3,b 

Length at birth 

(LENG BIR) 

Breast Formula 

LENG BIR 

LENG GAIN 

ENEBM 

TOT ENE 

3 Pearson's correlations, r value given 

b n=9 in breastfed group and n=8 in formula fed group 

Length at 
sample one 
(LENG SI) 

Breast Formula 

0.7830 
p=0.006 

0.7547 
. p=0.009 

0.7415 
p=0.01 I 

0.6399 
p=0.044 

Length gain 
per day 

(LENGG/D) 

Breast Formula 

-0.7609 
p=0.009 
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Table VI. CORRELATIONS OF LENGTH VAR/ABLES 
WITHIN SELECTED FEEDING CATEGORIES-continueda,b 

Length at birth 

(LENG BIR) 

Breast Formula 

ENE DAY 

ENEKG -0.7680 
p=0.013 

PROBM 

TOTPRO 

PRO-DAY 

PROKG -0.7669 
p=0.013 

FEBM 

FEDAY 

FEKG -0.7745 
p=0.012 

FEP 

TfRc 

a Pearson's correlations, r value given 
b n=9 in breastfed group and n=8 in formula fed group 

Length at 
sample one 
(LENG S1) 

Breast Formula 

0.7547 
p=0.009 

0.7357 
p=0.012 

0.6727 
p=0.024 

c Negative com:Iation (-0.5753; p=0.053) with length at birth in the exclusively breastfed group. 

Length gain 
per day 
(LENGG/D) 

Breast Formula 

0.6570 
p=0.038 

0.7610 
p=0.014 

0.6795 
p=0.032 

0.6515 
p=0.040 

0.6759 
p--0.033 



C. Iron Status Indicators 

There were no significant differences by Student's t-tests for independent samples of 

feeding category ( exclusively breastfed and exclusively formula fed) in erythrocyte 

protoporphyrin, transferrin receptor, ferritin, hemoglobin, hematocrit, red blood cell 

count, mean cell volume, mean cell hemoglobin, mean cell hemoglobin concentration, 

and red cell distribution width. See Table VIL 

Table VII. IRON STATUS INDICATORS BY SELECTED FEEDING 
CATEGORIEs3 

Ferritin 
ug/L 

Transferrin receptor 
ug/mL 

Erythrocyte protoporphyrin 
ug/dL 

Hemoglobinb 
g/dL 

Red blood cellsc 
millions 

Hematocritc 
% 

Mean cell volumec 
fL 

Mean cell hemoglobinc 
pg 

Mean cell hemoglobinc 
concentration g/dL 

Red cell distribution widthc 
% 

a Student's t-tests 

b n=S for breastfed group 

c n=8 for breastfed group and n= 7 for formula fed group 

(mean±SD) 

EXCLUSIVELY 
FORMULA FED 

n=8 

25±12 

7.1±1.5 

38±20 

12.0±0.9 

4.8 ±0.5 

35±3 

79+9 

27±5 

34±3 

14±3 

EXCLUSIVELY 
BREASTFED 

n=9 

39 ±31 p=0.237 

7.3 ±2.2 p=0.919 

37+24 p=0.898 

12.7±0.4 p=0.125 

4.7 ±0.3 p=0.762 

37+ 1 p=0.133 

78±4 p=0.895 

27±2 p=0.736 

34±1 p=0.723 

13±2 p=0.530 

38 
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Iron Status Indicators- differences among feeding categories 

All of the exclusively breastfed group were within the nonnal limits for hemoglobin for 

infants. Two in the fonnula fed group were below the nonn for infants for hemoglobin. 

Five of the eight in the breastfed group had ferritin concentration greater than 30 ng/mL 

compared to only three of nine in the fonnula group. There was a tendency toward a 

smaller mean cell volume in the breastfed group when compared to the fonnula fed 

group. The feeding groups were similar in the distribution of the transferrin receptor 

values and erythrocyte protoporphyrin values. These differences in the distribution of the 

variables between groups were slight . Tables VIII to Tables XII summarize the results 

of specific iron status variables by feeding group. Infants with low values are described 

in the legends. 

Table VIII. Hemoglobin Distribution 
(nonns 12.0-15.0 g/dL in adults 

infants over six months hemoglobin > 11.5 considered nonnal) 

EXCLUSIVELY 
FORMULAFED 

n=8 

::5. 10.5 1 a 
> 10.5 to ::5.11.5 1 
> 11.5 to <12.5 4 
> 12.5 to <13.5 2 

EXCLUSIVELY 
BREASTFED 

n=8 

8 

a Value 10.5 This infant had TtR 10.1, mean cell volwne 60.8, erythrocyte protoporphyrin 87, ferritin 42 



Table IX. Ferritin Distribution ( values less than 20 ngimL considered abnormal) 

EXCLUSIVELY EXCLUSIVELY 
FORMULAFED BREASTFED 

n=9 n~ 

:::;_ 13 2 a,b 3 c,d,e 

14 to 30 4 1 
31 to 60 3 3 
>61 2 

a Value 9.7 This patient had a TfR 7.1, hemoglobin 12.2, mean cell volwne 80.9, erythrocyte protoporphyrin 40 

b Value 9. 7 This patient had a TfR 5.1, hemoglobin 13.3, mean cell volume 80.4, erythrocyte protoporphyrin 23 

c Value 1 This infant had TfR 12.4, hemoglobin 13, mean cell volume 72.8, erythrocyte protoporphyrin 97 

d Value 7 This patient had a TfR. 8.2, hemoglobin 12.3, mean cell volume 77.6, erythrocyte protoporphyrin 36 

e Value 13 This patient had a TfR 8.2, hemoglobin 12.5, mean cell volume 74.2, erythrocyte protoporphyrin 38 

Table X. Mean Cell Volume Distribution.(Norms 80.0-98.0 fL) 

EXCLUSIVELY EXCLUSIVELY 
FORMULAFED BREASTFED 

n=7 n=8 

<73 1a 1h 
74 to 80 1 3 
>80 5 4 

• Valoe 60.8. This infaot had TfR 10.1, hemoglobin 10.5, etytlrrooyte protoporphyrin 87, ferritio 42 

b Value 72.8. This infant bad TfR 12.4, hemoglobin 13, erythrocyte protoporphyrin 97, ferritin I 

Table XL Erythrocyte Protoporphyrin Distribution (Norms< 40 ugidL) 

EXCLUSIVELY EXCLUSIVELY 
FORMULAFED BREASTFED 

n=8 n~ 

>80 1a 1h 
40 to 80 1 
<40 6 8 

a Value 87 This infant had TfR 10.1, hemoglobin 10.5, mean cell volume of 60.8, ferritin 42 

b Value 97 This infant had TfR. 12.4, hemoglobin 13, mean cell volume 72.8, ferritin 1 

40 



Table XII. Transferrin Receptor Values 
(Norms 2.9-8.3 ug/mL) 

<2.8 
2.9 to 5.6 
5.7 to 8.3 
> 8.3 

EXCLUSIVELY 
FORMULAFED 

n=8 

EXCLUSIVELY 
BREASTFED 

n=9 

a Value 10.1 This infant had erythrocyte protoporphyrin 87, hemoglobin 10.5, mean cell volume 60.8, ferritin 42 

b Value 12.4. This infant had erythrocyte protoporphyrin 97, hemoglobin 13, mean cell volume 72.8, ferritin 1 
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Iron status indicators-correlations between variables among all feeding categories 

There were a number of significant results from the correlations between all variables 

and the iron status mt;asurements. The majority of these correlations were expected and 

validate the laboratory methodology: ferritin was positively correlated with birthweight 

(p=.033) and negatively correlated with transferrin receptor (p=.048); transferrin 

receptor was positively correlated with erythrocyte protoporphyrin (p<0.001), red cell 

distribution width (p<0.001), age (p=0.019) and negatively correlated with ferritin 

(p=0.048), mean cell volume (p=.007), mean cell hemoglobin (p=0.022); erythrocyte 

protoporphyrin was positively correlated with transfe/rin receptor (p<0.001), red blood 

cells(p=0.036), red cell distribution width (p<0.001), and age (p=0.045) and negatively 

correlated with mean cell volume (p=0.003) and mean cell hemoglobin (p=0.014); 

hemoglobin was positively correlated with hematocrit (p<0.001) and mean cell volume 

(p=0.029) and negatively· correlated with red cell distribution width (p=0.011 ); red blood 

cell count was positively correlated with red cell distribution width (p=0.022), 

erythrocyte protoporphyrin (p=0.036), and negatively correlated with mean cell volume 

(p=0.004); hematocrit was positively correlated with hemoglobin (p<0.001), and 

negatively correlated with mean cell hemoglobin concentrations (p=0.017); mean cell 
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volume was positively correlated with hemoglobin (p=0.029), mean cell hemoglobin 

(p<0.001), mean cell hemoglobin concentration (p=0.005), and negatively correlated 

with red cell distribution width (p<0.001), erythrocyte protoporphyrin (p=0.003), 

transferrin receptor (p=0.007), total red blood cells (p=0.004); mean cell hemoglobin was 

positively correlated with mean cell volume (p<0.001), mean cell hemoglobin 

concentration (p<0.001) and negatively correlated with erythrocyte protoporphyrin 

(p=0.014), transferrin receptor (p=0.022), red cell distribution width (p=0.001); mean 

cell hemoglobin concentration was positively correlated with mean cell volume 

(p=0.005), mean cell hemoglobin (p<0.001), and negatively correlated with hematocrit 

(p=0.017), red cell distribution width (p=0.041); red cell distribution width was 

positively correlated with erythrocyte protoporyphin (p<0.001 ), transferrin receptor 

(p<0.001), total red blood cells (p=0.022), age (p=0.017) and negatively correlated with 

hemoglobin (p=0.01 I), mean cell volume (p<0.001), mean cell hemoglobin (p=0.001), 

mean cell hemoglobin concentration (p=0.041 ). 

Iron status indicators-correlations between variables within selected feeding 

categories 

Correlations between iron status determinations within the two major feeding categories

exclusively breastfed and exclusively formula fed are depicted in Tables XIII and Tables 

XIV. 
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Tal>le XIll. Correlations of Iron Status Indicators with Dietary Factors in 
Exclusively Breastfed Infants a,b 

FEP TfR FER HGB RBC HCT MCV MCH MCHC RDW 

PROCER 0.7043 

p=0.026 

PROKG -0.8377 -0.7926 0.6420 
p=0.002 p=0.005 p=0.031 

ENECER 

ENEKG 

CERAMT 

CERAMT 
ADJUSTED FOR AGE 

FECER 

TOTFE 

FEDAY 

FEKG 

a Pearson's correlations, r values given 
bn=9 

0.7043 
p=0.026 

0.7043 
p=0.026 

0. 7236 0.6782 
p=0.033 p=0.047 

0.7043 
p=0.026 

0.6747 
p=0,033 

0.7058 
p=0.025 

0.6981 0.6525 
p=0.018 p=0.043 

-0.7440 
p=0,017 

0.6323 0.7272 0.6447 

p=0.046 p=0.020 p=0.042 

0.7739 0.7516 
p=0,012 p=0.016 

- 0.8935 
p=0.001 

0.6324 0.7272 0.6446 
p=0.046 p=0.020 p=0.042 

0. 7335 0. 7697 
p=0.019 p=0.013 

0.6324 0.7272 0.6446 
p=0.046 p=0.020 p=0.042 

0.6968 0.7617 
p=0.041 p=0.023 

0.6324 0.7272 0.6446 
p=0.046 p=0.020 p=0.042 

0.6628 0.7148 
p=0.037 p=0.023 
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Table XIII. Correlations of Iron Status Indicators with Iron Status Indicators in 
Exclusively Breastfed Infants a,b_continued 

Tffi. 

FER 

HGB 

RBC 

HCT 

MCV 

MCH 

MCHC 

RDW 

FEP Tffi. FER HGB 

1.000 0.8666 
p=0.000 p=0.001 

0.8666 1.000 -0.6993 

p=0.001 p=0.000 p=0.034 

0.7155 
p=0.023 

0.9397 
p<0.001 

-0.6993 1.000 
p=0.034 p=0.000 

1.000 

p=0.000 

-0.6374 
p=0.045 

0.8481 
p=0.004 

-0.6719 0.6950 

p=0.034 p=0.028 

-0.6293 0. 7795 
p=0.047 p=0.01 I 

0.7795 

p=0.0)1 

8 Pearson's correlations, r values given 
b n=9 

RBC 

0.7155 
p=0.023 

0.8666 

p=0.001 

-0.6374 
p=0.045 

1.000 
p=0.000 

-0.9088 

p=0.001 

-0,8835 
p=0.002 

HCT MCV MCH MCHCRDW 

0.9397 
p<0.001 

-0.6719 -0.6293 0.8886 

p=0.034 p=0.047 p=0.002 

0.6950 0.7795 0.7795 
p=0.028 p=0.01 I p=0.01 I 

0.8481 

p=0.004 

1.000 
p=0.000 

-0.9088 -0.8835 0.8531 
p=0.001 p=0.002 p=0.004 

-0.7469 
p=0.017 

1.000 0.9721 

p=0.000 p<0.001 

0.9721 1.000 - 0.6752 
p<0.001 p=0.000 p=0.033 

-0.6752 
p=0.033 

1.000 

p=0.000 

1.000 
p=0.000 
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Table XIV. Correlations of /roll Status llldicators witll /roll Status Illdicators ill 
Exclusively Formula Fed Infants a,b 

FEP TfR FER HGB RBC HCT MCV MCH MCHC RDW 

FEP 1.000 0.8764 
p--0.000 p=0.002 

-0.7930 
p=0.009 

TfR. 0.8764 1.000 0.6586 -0. 7090 
p=0.002 p=0.000 p=0.038 p=0.024 

FER 0.6586 1.000 -0.6819 
p=0.038 p--0.000 p=0.031 

HGB -0.7930 -0.7090 -0.6819 1.000 
p=0.009 p=0.024 p=0.031 p=0.000 

RBC 

HCT 

MCV -0.8925 -0.6979 0.7573 
p=0.003 p=0.041 p=0.024 

MCH -0.7843 
p=0.018 

MCHC 

RDW 0.9716 
p<0.001 

CERAMTc 

8 Pearson's correlations, r values given 

-0.8925 -0. 7843 
p=0.003 p=0.018 

-0.6979 
p=0.041 

0.7573 
p=0.024 

1.000 · 0.9101 
p=0.000 p=0.002 

0.9716 
p<0.001 

0.7946 
p=0.016 

-0.8186 
p=0.012 

-0.9389 
p=0.001 

1.000 0.8798 -0.8609 
p=0.000 p=0.005 p=0.006 

1.000 
p=0.000 

1.000 
p=0.000 
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b n=8; There were no significant correlations between iron status indicators and weight. length or dietmy parameters (excepted adjusted 

cereal amount) within the exclusively formula fed categoiy. 

cPreliminazy analysis, in a population that included one formula feeder viho gave no cereal during the study period, found a negative 

correlation between cereal amount (adjusted for age) and transferrin receptor value at sample I (p=0.044). This subject was dropped 

from analysis. The subsequent analysis of cereal amoimt adjusted for age found a negative correlation between cereal amount and 

transferrin receptor value at sample I with a p=0.070. 
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D. Dietary Intake Data 

Total and daily values for iron, protein and energy intake from the cereal, formula and 

breastmilk were calculated and are summarized in Table XV. The amount of cereal given 

to the infant over the study period (beginning of study at three months of age to six 

months of age) was significantly different; the mean total cereal intake of the exclusively 

formula fed group was 1495 teaspoons and the mean of the exclusively breastfed group 

was 335 teaspoons. Because there was a significant difference in the age of the 

participants, the cereal amount was analyzed with age as a covariant. The adjusted means 

for cereal intake during the study period was 588 teaspoons by the exclusively breastfed 

group and 1276 teaspoons for the exclusively formula fed group. Analysis using t-tests 

for independent samples comparing only the exclusively breastfed group with the 

exclusively formula fed group found the amount of cereal given was significantly 

different (p=0.025). There were no correlations of actual cereal amount with weight or 

length variables in the exclusively breastfed or exclusively formula fed groups. 

Correlations of actual cereal amount with iron status indicators were found in the 

exclusively breastfed group and are summarized in Table XIII. Within the exclusively 

breastfed group, the cereal amount, controlled for age, was positively correlated with 

ferritin (p=0.033), hemoglobin (p=0.047), mean cell volume (p=0.041 ), and mean cell 

hemoglobin (p=0.023). 

Within the exclusively formula fed group, the cereal amount, controlled for age, was 

negatively correlated with transferrin receptor value at six months but was not significant 

(p=.070). Preliminary analysis, that included one formula feeding infant who was not 

given cereal during the study period, found a negative correlation between cereal amount 

(adjusted for age) and transferrin receptor value at six months (p=0.044; r = -0.6886). 



Table XV. DIETARY INTAKE FROM THREE MONTHS OF AGE TO SIX 
MONTHS OFAGE BY SELECTED FEEDING CATEGORIES 

(mean±SD) 
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EXCLUSIVELY 
FORMULAFED 

n=8 

EXCLUSIVELY 
BREASTFED 

n=9 
Student's t-test 

ENERGY (KCAL) 
Cereala 

Total Energyd 

Energy/Day 

Energy/Kg 

7477±...8352 

65,875 ± 13,465 

73,352 ± 16,421 

695 ± 126 

87± 16 

Proportion Energy 91.8% ±3.3% 
from Mille 

Proportion Energy 9 .2% ± 3 .3% 
from Cereal 

PROTEIN (GRAMS) 
Cerealf 138 ± 132 

Millcg 1383 ± 283 

Total Proteind 1522 ±301 

Protein/ Day 14.5±2.6 

Protein/Kg 1.8 ±0.30 

Proportion Protein 91.1 %±7.5% 
from Mille 

Proportion Protein 8.8%± 7.5% 
from Cereal 

1673 ± 1622 

58,100 ± 15,631 

59,773 ± 16,656 

681±111 

92±15 

97.4%±2.1% 

2.6%± 2.2% 

28± 27 

776±209 

806 ±228 

9.2± 1.5 

1.2±0.06 

96.7%±2.7% 

2.6%±2.7% 

p=0.046b 

p<0.00le 

p<0.00le 

p=0.013b 

p<0.001 

p<0.001 

p<0.001 

p=0.001 

a Calculations for cereals were based on package labeling identifying 4 kcal/ g of dry cereal. Cereal recall from the participants' mothers 
was based on reconstituted cereal (6 parts water to I part cereal). 
b 1 tail test 
c p=0.056 (1 tail test) Values for breastmilk energy were based on a oonsumpµon of85.5 kcal/kg/d. 123,124 The weight of the infant at 
six month visit was used in the equation (ENE=85.5 kcal/kg/d) to determine daily energy during the study period (age in days at sample 
one minus age in days at the mid-sample). Values for formula were based on formula containing 20 kcal per ounce. 
d Not adjUSted for age 
e Chi-Square statistic was used to determine the significance of the differences in proportions. 



f Calculations for cereal were based oo package labeling 126 identifying I g of protein per 15 g of d,y cereal. Cereal recall from the 
participants' mothers was based on reconstituted cereal (6 parts water to I part cereal). 
g Protein concentrations of mature human milk were based on reported wlues of 8.9 g/L. 125 Va1ues for fonnu1a were based on 
formula containing2.I g of protein/ 100 kcai.122 

Table XV. DIETARY INTAKE FROM THREE MONTHS OF AGE TO SIX 
MONTHS OF AGE BY SELECTED FEEDING CATEGORIES-continued 

(mean±SD) 
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EXCLUSIVELY 
FORMULAFED 

n=8 

EXCLUSIVELY 
BREASTFED 

n=9 
Student's t-test 

IRON(mg) 

Total Iron (mgi 

Iron/mg/ Day 

Iron/mg/Kg 

Proportion Iron 
from Milk 

Proportion Iron 
from Cereal 

140± 157 

1186 ±243 

1326±299 

12.6±2.3 

1.57±0.28 

90.5%±9.5% 

9.5%± 9.5% 

31 ±30 p=0.046b 

46.3 ± 16.4 p<0.001 

78±38 p<0.001 

0.88 ±0.35 p<0.001 

0.09 ±0.06 p<0.001 

65.9%±2.1% p<0.00!e 

34.1%± 2.1% p<0.00le 

a Calculations for cereals were based on package labeling identifying 4 kcal/ g of dry cereal. Cereal recall from the participants' mothers 
was based on reconstihltcd cereal (6 parts water to 1 part cereal). 
b I tail test 

c p=0.056 (1 tail test) Values for brcastmilk energy were based on a consumption of85.5 kcal/kg/d. 123,124 The weight of the infant at 
six Il1onth visit was used in the equation (ENE=85.5 kcallkg/d) to determine daily energy during the study period (age in days at sample 
one minus age in days at the mid-sample). Values for formula were based on formula containing 20 kcal per ounce. 
d Not adjusted for age · 
e Chi Square statistic was used to determine the significance of the differences in proportions. 
f Calculations for cereal were based on package labeling126 identifying 1 g of protein per 15 g of diy cereal. Cereal recall from the 
participants' mothers was based on reconstituted cereal (6 parts water to I part cereal). 
g Protein concentrations of mature human milk were based on reported values of8.9 g/L. 125 Values for formula were based on 
formula containing 2.1 g of protein/ 100 kcal_ 122 
h Calculations for cereal were based on package labeling identifying 45 mg of iron/ i 00 g of dry cereal. Cereal recall from the 
participants' mothers was based on reconstituted cereal (6 parts water to I part cereal). 

i Iron concentrations of mature human milk were based on reported iron concentrations in mature hwnan milk of 0.5 mg!L.66,68,70 

Values for formula were based on formula fortified with 12 mg iron/L. 122 



Dietary intake-correlations between variables within selected feeding categories 

Tables XVI through XXI do not provide information for assessing the adequacy of 

intake, iron status or growth but do validate the methodology used to calculate the 

feeding variables. 
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Table XVI. Correlations of E11ergy J11take Variables wit!, Dietary l11take Variables 
/11 Exclusively Formula Fed Infants a 

ENEFR ENECER TOT ENE ENE DAY ENE KG 

CERAMT 1.000 
p<0.001 

ENEFR 1.000 0.8620 
P<0.001 p=0.003 

ENEDAY 1.000 0.9327 
p<0.001 p<0.001 

PROFR 1.000 0.8620 
p<0.001 p=0.003 

PROCER 1.000 
p<0.001 

TOT PRO 0.9002 0.9912 
p=0.001 p<0.001 

PRODAY 0.9651 0.9183 
p<0.001 p<0.001 

PROKG 0.8821 0.9614 
p=0.002 p<0.001 

FEFR 1.000 0.8620 
p<0.001 p=0.003 

FECER 1.000 
p<0.001 

a Pearson's correlations, r values given 
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Table XVI. Correlatio11s of E11ergy l11iake Variables with Dietary l11take Variables 111 
· ' Exclusively Formula Fed l11fa11ts a 

continued 

ENE FR ENE CER TOT ENE ENE DAY ENE KG 

TOTFE 0.9999 
p<0.001 

FEDAY 0.9998 0.9400 
p<0.001 p<0.001 

FEKG 0.9337 0.9994 
p<0.001 p<0.001 

a Pearson's correlations• r value given 

Table XVIl. Correlatio11S of E11ergy l11take Variables with Dietary l111ake Variables 111 
Exclusively Breastfed° 

ENEBM ENE CER TOT ENE ENEDAY ENEKG 

CERAMT 0.6006 1.000 0.6610 0.6399 
p=0.044 p<0.001 p=0.26 p=0.32 

ENEBM 1.000 0.6006 0.9970 0.5981 
p<0.00 p=0.044 p<0.001 p=0.044 

ENECER 1.000 0.6610 0.6399 
p<0.001 p=0.026 p=0.032 

TOTENE 1.000 0.6167 
p<0.001 p=0.038 

PROBM 1.000 0.6006 0.9970 0.5981 
p<0.001 p=0.044 p<0.001 p=0.044 

a Pearson's correlations, r values given 
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Table XVII. Correlations of E11ergy /make Variables wit!, Dietary I11take 
Variables In Exclusively Breastfed I11fa11ts3 . 

continued 

ENE BM ENE CER TOT ENE ENE DAY ENE KG 

PROCER 0.6007 1.000 0.6611 0.6399 
p=0.044 p<0.001 p=0.026 p=0.032 

TOTPRO 0.9948 0.6779 0.9996 0.6227 
p<0.001 p=0.022 p<0.001 p=0.037 

PRO DAY 0.6058 0.5988 0.6269 0.9991 
p=0.042 p=0.044 p=0.035 p<0.001 

FEBM 0.8797 0.8518 0.6468 
p=0.001 p=0.002 p=0.030 

FECER 0.6006 1.000 0.6610 0.6399 
p=0.044 p<0.001 p=0.026 p=0.032 

TOTFE 0.8541 0 .9112 0.8903 0.7281 0.6258 
p=0.002 p<0.001 p=0.001 p=0.013 p=0.036 

FEDAY 0.5940 0.8762 0.6428 0.8574 
p=0.046 p=0.001 p=0.031 p=0.002 

FEKG 0.8072 
p=0.004 

a Pearson's correlations, r values given 
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Table XVIIL Collelations of Protein Intake Variables with Dietary Intake Variables 
In Exclusively Formula Fed In/a~ 

PROFR PROCER TOT PRO PRO DAY PRO KG 

CERAMT 0.9607 
p<0.001 

ENEFR 1.000 0.9002 
p<0.001 p=0.001 

ENECER 0.9607 
p<0.000 

TOTENE 0.8620 0.9912 
p=0.003 p<0.001 

ENEDAY 0.9651 0.8821 
p<0.001 p=0.002 

ENEKG 0.9183 0.9614 
p=0.001 p<0.001 

PROFR 1.000 0.9002 
p<0.001 p=0.001 

TOTPRO 0.9002 1.000 
P=0.001 p<0.001 

PRO DAY 1.000 0.9337 
p<0.001 p<0.001 

FEFR 0.9002 
p=0.001 

FECER 0.9607 
p<0.001 

TOTFE 0.8532 0.9895 
p=0.004 p<0.001 

a Pearson's correlations, r value given 
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Table XVIIL Correlatio11s of Protei11 I11take Variables with Dietary I11take Variables 
I11 Exclusively Formula Fed I11fa11ts8 

FEDAY 

FEKG 

continued 

PRO FR PRO CER TOT PRO PRO DAY PRO KG 

0.9613 
p<.001 

0.8787 
p=0.002 

0.9091 0.9581 
p=0.001 p<0.001 

a Pearson's correlations, r value given 

Table XIX. Correlatio11S of Protein Intake Variables with Dietary Intake Variables In 
Exclusively Breastfed I11fants8 

PROBM PRO CER TOT PRO PRO DAY PROKG 

CERAMT 0.6006 1.000 0.6779 0.5988 
p=0.044 p<0.001 p=0.022 p=0.044 

ENEBM 1.000 0.6007 0.9948 0.6058 
p<0.001 p=0.044 p=0.001 p=0.042 

ENECER 0.6006 1.000 0.6778 0.5988 
p=0.044 p<0.001 p=0.022 p=0.044 

TOT ENE 0.9970 0.6611 0.9996 0.6269 
p<0.001 p=0.026 p<0.001 p=0.035 

ENEDAY 0.5981 0.5690 0.6227 0.9991 
p=0.044 p=0.055 p=0.037 p<0.001 

ENEKG 0.6399 
p=0.032 

PROBM 1.000 0.6006 0.9948 0.6059 
p<0.001 p=0.044 p<0.001 p=0.042 · 

a Pearson's correlations, r value given 
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Table XIX. Co"elations of Protein Intake Variables witli Dietary l11take Variables In 
Exclusively Breastfed lnfants3 

continued 

PRO BM PRO CER TOT PRO PRO DAY PRO KG 

PROCER 1.000 0.6780 0.5988 
p<0.001 p=0.022 p=0.044 

TOT PRO 1.000 0.6339 
p<0.001 p=0.033 

FEBM 0.8797 0.8419 0.6371 
p=0.001 p=0.002 p=0.032 

FECER 0.6006 1.000 0.6779 0.5988 
p=0.044 p<0.001 p=0.022 p=0.044 

TOTFE 0.8541 0.9112 0.8995 0.7476 
p=0.002 p<0.001 p<0.001 p=0.010 

FEDAY 0.5940 0.8762 0.6562 0.8738 0.6479 
p=0.046 p=0.001 p=0.027 p=0.001 p=0.030 

FEKG 0.8071 
p=0.004 

a Pearson's correlations, r value given 
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Table XX. Correlatio11s of Iro11 I11take Variables with Dietary I11take Variables 111 
Exclusively Formula Fed Infa11ts8 

FEFR FECER TOT FE FEDAY FEKG 

CERAMT 1.000 
p<0.001 

ENEFR 1.000 0.8532 
p<0.001 p=0.004 

ENECER 1.000 
p<0.001 

TOT ENE 0.9999 
p<0.001 

ENE DAY 0.9998 0.9337 
p<0.001 p<0.001 

ENEKG 0.9400 0.9994. 
p<0.001 p<0.001 

PROFR 1.000 0.8532 
p<0.001 p=0.004 

PROCER 0.9607 
p<0.001 

TOTPRO 0.9002 0.9895 
p=0.001 p<0.001 

PRODAY 0.9613 0.9091 
p<0.001 p=0.001 

PROKG 0.8787 0.9581 
p=0.002 p<0.001 

FEFR 1.000 0.8532 
p<0.001 p=0.004 

FEDAY 1.000 0.9345 
p<0.001 p<0.001 

a Pearson's correlations, r values given 
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Table XXL Co"elatio11s of /roll llltake Variables witll Dietary llltake Variables Ill 
Exclusively Breastfed I11/allts8 

FEBM FECER TOTFE FEDAY FEKG 

CERAMT 1.000 0.9112 0.8762 0.8072 
p<0.001 p<0.001 p=0.001 p=0.004 

ENEBM 0.8797 0.6006 0.8541 0.5940 
p=0.001 p=0.044 p=0.002 p=0.046 

ENECER 1.000 0.9112 0.8762 0.8072 
p<0.001 p<0.001 p=0.001 p=0.004 

TOTENE 0.8518 0.6610 0.8903 0.6428 
p=0.002 p=0.026 p=0.001 p=0.031 

ENE DAY 0.6468 0.7281 0.8574 
p=0.030 p=0.013 p=0.002 

ENEKG 0.6399 0.6258 
p=0.032 p=0.036 

PROBM 0.8797 0.6006 0.8541 0.5940 
p=0.001 p=0.044 p=0.002 p=0.046 

PROCER 1.000 0.912 0.8762 0.8071 
p<0.001 p<0.001 p=0.001 p=0.004 

TOT PRO 0.8419 0.6779 0.8995 0.6562 
p=0.002 p=0.022 p<0.001 p=0.027 

PRODAY 0.6371 0.5988 0.7476 0.8738 
p=0.032 p=0.044 p=0.010 p=0.001 

PROKG 0.6479 
p=0.030 

FEBM 1.000 0.6423 
p<0.001 p=0.031 

a Pearson's correlations, r value given 



Table XXI. Correlatio11s of Iro11 Intake Variables with Dietary Intake Variables 111 
Exclusively Bre(lstfed I11Jants-continueda 

FEBM FECER TOT FE FEDAY FEKG 

FECER 1.000 0.9112 0.8762 0.8072 
p<0.001 p<0.001 p=0.!)01 p=0.004 

TOT FE 1.000 0.8948 0.6023 
p<0.001 p=0.001 p=0.043 

FEDAY 1.000 0.6161 
p<0.001 p=0.039 

• Pearson's correlations, r value given 
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Figures 1 and 2 on page 87 and 88 of the appendices visually depict the proportion of 

energy from breastmilk and cereal for the exclusively breastfed and exclusively fonnula 

fed groups. The difference in energy from cereal between the two groups was significant 

(p<0.001). Figures 3, 4 and 5 on pages 89-91 of the appendices show the relationship of 

ferritin to transferrin receptor for the entire sample, the exclusively breastfed group and 

the exclusively fonnula fed group respectively using scatterplots. 



DISCUSSION 

A. Sample Population Description 

According to the 1993 Ross Labor~tories Mothers' Survey, 48.8% of women with annual 

income levels below $14,999 initiate breastfeeding in the hospital and 15.5% continue to 

breastfeed at five to six months. 128 The percentage of women exclusively breastfeeding 

at five to six months is unknown because published reports 128 do not include 

information about the exclusivity of breastfeeding; therefore, reports of breastfeeding 

duration include women who practiced any amount of breastfeeding. Unpublished data 

from a mixed population (WIC and non-WIC) of75 breastfeeding patients delivering at 

the Medical of Georgia Hospital documented that 9 .3% of the women still practiced 

exclusive breastfeeding at six months with 37.3% practicing any amount of breastfeeding 

at six months (Black et al., unpublished, East Central Health District Annual 

Breastfeeding Report). From these data it was concluded that a study designed to include 

groups of exclusively breastfed patients and exclusively formula fed patients from the 

WIC population was feasible. However, during the three month enrollment period of the 

study, only two WIC participants were identified as exclusively breastfeeding with plans 

to continue through six months. Because of the difficulty entering sufficient numbers of 

exclusively breastfed infants in the WIC population, the study design was altered to 

include subjects from the MCG Breastfeeding ·Project. Recruitment for exclusive 

breastfeeders was initiated in a population of patients delivering in a tertiary care center 

with a breastfeeding rate of>50% for 1995 (Black et al., unpublished, East Central 

Health District Annual Breastfeeding Report). 

58 
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This study was to be a comparison of two groups of patients from a WIC population who 

differed primarily in how they fed their infants. It became evident from the statistical 

analysis of the sociodemographic, anthropometric, dietary and iron status data that 

two very distinct populations had been sampled. 

The mothers of the exclusively breastfed infants were asked to participate when their 

infants were three months of age. They were conscientious in keeping their appointments 

for their six month follow-up visit. The study subjects emolled through the WIC 

program were less diligent about keeping their appointments with the six month follow

up visit averaging nineteen days beyond six months. fu a recent study, 129 mothers who 

chose to feed with formula were reported to cite mother-centered reasons while mothers 

who chose to breastfeed were reported to cite infant-centered reasons. If mothers who 

breastfeed are more infant centered than mothers who formula feed, then they are 

perhaps more reliable about keeping appointments to monitor their infant's health. 

Because of the method ofrecruitment for most of the exclusively breastfed group and 

the assumption of improved reliability in the breastfed group, I tail t-tests were used to 

determine significance for the difference in age at blood sampling. There was a 

significant difference, therefore necessitating a statistical adjustment for age to be made 

for weight gain per day, length gain per day, and cereal amount in the analysis. 

Additionally, significant differences in race were found between the two groups. Six of 

eight of the mothers selecting formula were black while only 2 of the 9 breastfeeding 

mothers were black. This difference is reflective of the profile of mothers who chose to 

breastfeed. 128 Due to the small sample size and the presence of only one race in one of 

the feeding groups, controlling for race in the statistical analysis was not an option. 

Another area of potential bias that should be identified is the prevalence in blacks in 

North America of the disorder of a-thalassemia, which has characteristics similar to iron 
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deficiency- hypo chromic, microcytic erythrocytes. l30-l3 I A search of the medical 

record of each infant produced no evidence that any had this disorder and, therefore, an 

assumption was made that none of the infants in the study population had a- thalassemia. 

Significant differences were found also for weight and length at birth between the two 

groups with breastfed infants being heavier and longer. Differences can partially be 

explained by the race difference as black infants have been reported to be smaller than 

white infants in the United States 132 and six of the eight infants in the formula feeding 

group are black. Information about maternal factors which may have contributed to the 

difference in birthweight such as smoking, pre-pregnancy body mass index or weight 

gain in pregnancy were not obtained. The weight or length of an infant at any one 

measurement period is not useful for evaluating incremental gains but population values 

for weight gain and length gain per day have been reported and will be used in the 

subsequent discussions to compare the study groups to the expected norms. 129 

It was found that energy, protein, cereal and iron intakes per day and per kilogram (kg) 

were more reliable dietary variables for correlation with growth and iron status variables 

than were the dietary variables of total energy, protein and iron or the energy, protein or 

iron from breastmilk/ formula or cereal. This is because the latter variables reflect an 

infant's intake from three months of age until their blood sampling dates rather than daily 

intakes based on the totals for the study period. Many of the correlations between the 

variables cited in the tables were expected. The correlations confirmed that the 

methodology used to calculate energy, protein and iron from cereal, breastmilk and 

formula was appropriate. Researchers agreed that the energy intake per unit of body 

weight was more useful information than is the total energy intake per day for comparing 

the energy intakes of infants at different ages or between infants fed differing milks_ 105 

Significant differences were found between groups for daily protein intake and daily iron 
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intake and for protein and iron intakes based on infant weight (See Table X). Discussion 

of the differences follows in the subsequent sections. 

There were no significant differences in any of the iron status indicators between groups 

(See Table VII). Correlations between iron status variables were as expected when the 

values from the population as a whole were evaluated. 

B. Findings Within Feeding Categories-Exclusively Breastfed 

Adequacy of growth 

The amount of milk consumed by the infant who is exclusively breastfeeding is under the 

control of the infant. When the infant is satisified with a feed, he stops feeding and when 

he is hungry, he displays signs ofreadiness to feed and the mother who is exclusively 

breastfeeding then offers the breast to the infant who again feeds to satisfaction. Because 

the measurement of the actual volume of breastrnilk intake was not attempted, values for 

energy, protein and iron intake from breastrnilk per day were based on an assumption that 

the study group followed reported energy consumption calculations for breastfed infants 

of 85.5 kcal/kg/d at six months of 

age. 123,124 The weight at sample one was used in the equation (ENE=85.5 kcal/kg/d) to 

determine daily energy and energy per kg. 

In this study, the mean weight of the breastfeedirig group at six months was 7752 ± 

1194 grams. This corresponds with a weight for age at the 50th percentile for males and 

the 75th percentile for females. 133 Mean weight gain per day (from birth to the blood 

sampling date) and adjusted weight gain per day values of22.5 to 23 + 7.3 grams are 

between the 10th and 25th percentiles of weight gain per day for male breastfed infants 

and between the 25th and 50th percentile for females. 134 The mean length of the 

breastfeeding group at six months was 52.5 ±2.8 cm. This corresponds with a length for 
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age at the I 0th percentile for male breastfed infants and at the 25th percentile for female 

breastfed infants. 133 Mean length gain per day (from birth to the blood sampling date) 

and adjusted length gain values of 0.07 to 0.077 cm+ 0.025 are below 5th percentiles 

for length gain for both male and female breastfed infants. 134 

Comparison with the feeding-specific growth percentiles cited above must be approached 

carefully because of two differences in the reference population 133 and the study 

population. The reference population was allowed up to 240 mL/ day of formula and the 

study group was allowed no formula and the reference population increment does not go 

beyond 112 days and the study increment was 179 days. Weight gain per day and length 

gain per day decrease with age; 134 therefore, data about weight and length gain per day 

from 8 to 112 days does not allow for the decrease in weight and length gain per day after 

three months of age. Comparing results from a longer study increment to a shorter 

reference increment underestimates the growth percentile of the study population. 

Comparisons of daily weight gain and length gain to formula fed infants were available 

for the study increment 138-148 but cannot be used in the breastfed group because of 

differences in patterns of growth in the first six months between breast and formula fed 

populations. Hitchcock et al. 135 reported weight gain from 3 to 6 months in a group of 

Australian breastfed infants to be similar to 3-month incremental gains (from 3-6 

months) reported for formula fed infants. 136 However, weight and length gain 

increments from 1-3 months of age have been reported to differ between feeding-specific 

regimens with the breastfed group reported to gain weight (after 8 days oflife) at a higher 

incremental value and length at a lower incremental value than formula fed 

infants_ 133,137-144 

Therefore, because there are no valid comparisons in the literature for the length and 

weight gain per day in the breastfed group, the weight and length parameters at six 



months of age must be used to determine the adequacy of growth. These are within 

established norms for adequate growth. 

Associations of intake with growth 
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Daily and total energy, protein, iron per day and energy, protein and iron from breastmilk 

are associated with weight at sample one (See Table IV). Because the weight at sample 

one was used in the calculation to determine the volume of the breastmilk and hence the 

energy, protein and iron per day from breastmilk, these correlations were expected. 

Energy, protein and iron intake from breastmilk (if one is correlated, all are correlated 

because of the methodology used to calculate breastmilk volume and content) and total 

energy and total protein are associated with length at six months (See Table VI). Length 

at six months was not correlated with weight at six months ; therefore, dietary variables 

derived from the weight at six months can be useful in determining their contribution to 

length changes in the breastfed group. In the breastfed group, none of the dietary intake 

variables were associated with daily gains in length. The only association found in length 

gain per day in the breastfed group was a negative correlation with birth length (See 

Table VI). A number of reports have demonstrated a negative correlation between length 

at birth and gain in length from birth to one year_ 145-149 

Growth was within normal limits for the breastfed group and higher energy and protein 

intake per day positively correlated with higher weight gain per day as would be expected 

from the way intake is calculated in the breastfed group. Breastmilk intake (energy, 

protein and iron from breastmilk) and the total energy and protein positively correlate 

with length at sample one. 
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Associations of iron status indicators with growth 

Birthweight was significantly correlated (p= 0.033) with ferritin levels when values from 

all subjects are used (See Table III) but just misses significance (p=0.057) in correlations 

within the breastfed group. In the breastfed study group, birthweight is correlated 

positively with mean cell hemoglobin and mean cell hemoglobin concentrations and 

negatively with erythrocyte protoporphyrin and red blood cell count, reinforcing the 

importance of iron stores at birth in infants and the underlying assumption that, 

exclusively breastfed infants born at term and appropriate for gestational age have 

sufficient iron stores for the first 4-6 months. 150-151 

Appropriateness of feeding 

The mean energy intake per kg was 92 kcal± 15 and the mean energy intake per day was 

681 ± 111 kcal. The calculated energy intake per day in the breastfed group may be 

higher than the actual intake in the study population because the calculated intake is 

based upon a reference population value of 85.5 kcal/kg/d at six months of age that 

included a contribution of energy from cereal. The overestimation of intake from 

breastmilk in the calculations is believed to be slight since a published report indicates a 

low cereal intake at six months in breastfed populations when compared to formula fed 

populations. 87 

Breastmilk contributed 97.4% of the energy, 96.7 % of the protein, and 65.9% of the 

iron in the diet of the breastfed group, while cereal contributed 2.6% of the energy, 3.3% 

of the protein and 34.1 % of the iron in the diet of the breastfed group (See Table XV and 

Figure I). Iron absorption is estimated to be 50% from breastmilk6,67,I l3,I52 and 4% 

from cereai.50,I 53 In a breastfed infant consuming 0.88 mg iron per day (estimated mg 

per day in the study population) with 65.9% from breastmilk and 34.1 % from cereal the 

estimated amount absorbed is 0.302 mg per day [(0.88 x 0.659 x 0.50) + (.88 x 0.341 x 
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0.04)]. The estimate of requirement for absorbed iron is 0.55 to 0.75 mg/d from birth to 

one year_ 154-155 Therefore, the breastfed group had a daily iron intake insufficient to 

meet the iron needs of the infant through the first year and the store of iron at birth are 

essential for adequate iron nutrition in the breastfed infant. 

Adequacy of Iron Status 

Evidence from the study suggested that the iron status in the breastfed population at six 

months was adequate for six of the study subjects, with two subjects being iron depleted 

and one being iron deficient. There was no iron deficiency anemia in the study 

population as evidenced by none of the infants having hemoglobins below 12 g/dL (See 

Table VITI). The mean value for ferritin in the breastfed population was 39 ± 31 ug/L but 

three of the nine infants had ferritin levels below 13 ug/L (See Table IX ). One of these 

three also had a mean cell volume below 74 fL (See Table X), an erythrocyte 

protoporphyrin > 80 (See Table XI), and a transferrin receptor >8.3. The hemoglobin for 

this study subject was 13 g/dL. Of note, this infant's birthweight was 2754 grams which 

was the lowest birthweight of the breastfeeding population. Thus, only one of the nine 

exclusively breastfed infants was iron deficient, although two more of the infants had 

ferritin leizels indicative of iron depletion. These findings emphasize the importance of 

supplementary iron in the breastfed infant and the need to increase the volume of cereal 

consumed more quickly. 

Correlations of iron parameters with each other showed agreement with what would be 

expected (i.e. positive correlations of hemoglobin and hematocrit; mean cell volume with 

mean cell hemoglobin; red cell distribution width with erythrocyte protoporphyrin 

etc.). 156 In the nine breastfed infants, transferrin receptor was negatively correlated with 

ferritin, mean cell volume and mean cell hemoglobin and positively correlated with red 

blood cells. 
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Correlations of dietary intake with iron status indicators found positive correlations of 

cereal amount ( adjusted for age) with ferritin, hemoglobin, mean cell volume, mean cell 

hemoglobin and mean cell hemoglobin concentrations and positive correlations of 

protein from cereal and energy from cereal with hemoglobin and mean cell volume 

suggesting that as more cereal is consumed by the breastfed group, iron status improves. 

Higher values of iron per kg, protein per kg and energy per kg were also associated with 

improved iron status (See Table XIII). Protein per kg was the only dietary variable 

correlated with transferrin receptor. The correlation was negative; therefore, the higher 

the protein intake per kg the lower the transferrin receptor.level. This was an interesting 

correlation. Ferritin release of iron to the plasma and iron uptake by the cell via the 

transferrin receptor are dependent upon serum transferrin - an acute phase protein which 

has been shown to be decreased by 64% in patients with kwashiorkor when compared to 

a control population.157 The recommended intake of protein for six month old infants is 

1.3 grams per 100 kcal. The breastfed group averaged 681 ± 111 kcalories for a 

calculated protein intake of7.4 to 10.3 grams per day or 1.3 g/pro/100 kcal. The 

estimated dietary intake in the breastfed group was 9 .2 ± 1.5 grams. It appeared that the 

protein intake was adequate; although, the daily protein amount consumed may be 

overestimated because it was based on the volume of milk estimated from energy 

calculations which included cereaJ. 123-124 Protein per kg was also correlated with a 

higher intake of iron per day. This study does not provide the needed information to 

determine.the role protein may or may not be playing in the utilization of iron or to 

determine the adequacy of protein intake of the infants although the satisfactory growth 

is suggestive of adequate protein and energy intake. 



C. Findings Within Feeding Categories-Exclusively Formula Fed 

Adequacy of growth 
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In this study, the mean wieght at six months of the formula fed group was 8031 ±541 

grams which is between the 50th and 75th percentile for age. 133 The mean weight gain 

per day of25 + 2.7 grams and the adjusted weight gain per day of26 + 2.8 grams (SD) 

are between the 50th and 75th percentiles of weight gain for male formula fed infants and 

the 90 percentile for females. 133 The mean length at six months was 66.4 ±2.5 cm (SD) 

which is between the 25th and 50th percentiles.133 The mean length gain per day and 

the adjusted length gain values of0.089 ± 0.015 were between the 50th and 75th 

percentiles for male formula fed infants and the 75th and 90th percentiles for 

females. 133 These findings suggested growth was within normal limits in the study 

population and higher than that of the breastfed infants. 

Associations of dietary intake with growth 

In the formula fed group, the amount of energy, protein and iron ingested per kg was 

associated with weight gain per day (See Table IV). Protein per kg was also correlated 

with length gain per day as was protein, energy and iron intake per day. 

Associations of iron status indicators with growth 

In the formula fed group, the greater the length gain per day the higher the erythrocyte 

protoporyphyrin level. During growth, cells are dividing rapidly, leading to an increased 

need for iron. Protoporphyrin increases when the iron supply to the maturing 

erythroblast is not sufficient to keep up with the rate of heme formation. This 

association was not found in the breastfed group. The breastfed group was also 

significantly longer at birth and showed a negative association of birth length to length 

gain per day. There were no correlations in the formula fed group between weight 

variables and iron status indicators. See Table III and Table N. 
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Appropriateness of feeding practices 

Between three and six months of age, the recommended energy intake per kg per day 

(kcal·kg-1.d-1) for formula fed infants is 95 and 96 for males and females 

respectively. 158-160The mean energy intake per kg was 87 kcal± 16: This measures at 

the 25th percentile for incremental energy intake percentiles from 111 days to 195 

days. 160 The mean energy intake per day was 695 + 126 kcals. Energy intakes by 

formula fed infants have been reported to be 6-7% greater from four to six months of life 

than energy intakes from breastfed infants. 123-124,168 In this study population, a 

comparison of energy per day reveals the breastfed infants had a consumption of 6% 

more energy. 

Formula contributed 91.8% of the energy, 91.1 % of the protein, and 90.5% of the iron 

in the diet of the formula fed group. Cereal contributed 9.2% of the energy, 8.8% of the 

protein and 9.5 % of the iron in the diet of the breastfed group (See Table XV and Figure 

2). These proportions were significantly different for energy and iron between the feeding 

groups (See Table XV). The standard deviation was much higher in the formula group 

than the breastfed group reflecting the larger range of formula and cereal given in the 

. formula fed group. Comparison of the cereal amount given during the study period reveal 

the larger quantities of cereal consumed by the formula group. Because breastfed infants 

have been reported to initiate cereal supplementation later than formula fed infants and 

to take in smaller amounts of cereal than formula fed infants at the same age, 84,87 

a 1 tail t-test for significance of the difference in the mean was used. Further widening 

the gap in the analysis, was the younger age of the breastfed infants. Therefore, a 

statistical adjustment with age as the covariant was made in the correlations of cereal 

amount with iron status indicators. 
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The higher contribution of cereal to the diet in the formula group was not a concern when 

there was an adequate intake of formula. However, when calories from formula were 

substituted by calories from cereal, the total protein intake was decreased and the 

absorption and bioavailability of the iron may be decreased. Iron-fortified cereal 

provides 1.67 g of protein per 100 kcal (reconstituted) to the 2.1 g of protein provided 

from formula. 122,126 Formula and cereal provide an equivalent amount of iron per 

100 kcal (1.8 g). 122,126 The protein from cereal is not of high biological value. 

Although, the iron intake per kcal is the same for formula and cereal, the absorption of 

iron from cereal is estimated to be 4% and the absorption of iron from formula has been 

estimated to range from 4 to 5% to as high as 7%_50,161 

During the second interview of the mothers to determine the amount and kind of 

supplementary foods used, many mothers reported no increase in the volume of formula 

given to their infant at six months when compared to the quantity given at three months. 

Instead, several of the mothers reported giving large quantities of cereal, often mixing the 

cereal into the reconstituted formula and adding additional water to reach a liquid 

consistency that could be fed by bottle. The practice of diluting the cereal with formula 

and extra water contributes phytates to interact with the iron in formula possibly reducing 

the iron bioavailability even more. When questioned about the practice, the mothers 

cited unavailable funds to buy additional formula over the WIC allotment of 31 cans per 

month. This observation, if confirmed, has implications for general nutritional 

guidelines in infants emolled in Supplemental Nutrition Programs. 

One can of formula concentrate (13 ounces) provides 26 ounces ofreconstituted formula, 

when mixed properly, an insufficient amount (66 kcal·kg-1.d-1) to supply the energy 

needs of the reference six month old infant with a weight of7877 grams (50th 

percentile ). 133 One can of concentrate provides 680 mL and 455 kcal (b~ed on a 
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caloric density of67 kcal/ dL). Energy intakes of718 kcal per day with 540 kcal from 

formula have been reported as adequate for infants between 112 to 168 days of age. 162 It 

appears in this population of WIC infants fed formula, that cereal is a major contributor 

to energy rather than a supplemental food as seen in the breastfed group and may have an 

adverse effect on protein and iron balance. 

Adequacy of iron status 

Correlations between iron status indicators (See Table XIV) were not as one would 

expect in an iron sufficient population. Ferritin was not correlated with hemoglobin in 

the breastfed group. In the formula fed group, there was a negative correlation between 

these two variables. In this study population of infants fed formula, a positive correlation 

was found between transferrin receptor and ferritin ( See Table XIV and Figures 3 and 

5). 

One of the eight formula fed study subjects had possible iron deficiency anemia as 

evidenced by a hemoglobin 10.5 g/dL, mean cell volume of 60.8 fL, erythrocyte 

protoporphyrin of 87 ug/dL and a transferrin receptor level of 10.1 ug/mL. Confounding 

the picture in this patient was a ferritin of 42 ug/L. Low mean cell volumes are found also 

in a-thalassemia and ferritin values are normal ( except when iron deficiency or chronic 

disease co-exist with the a-thalessemia)_ l30-l3 l In addition, transferrin receptor has 

been reported to be elevated above 8.0 ug/ mL in patients with ineffective erythropoiesis 

such as exists in a-thalassemia.163 The finding of a normal ferritin in a patient with a 

low hemoglobin and a high transferrin receptor was the contributor to the positive 

association found between ferritin and transferrin receptor and the negative association 

found between hemoglobin and ferritin. When this patient was dropped from the 

analysis, there was not a significant correlation between ferritin and transferrin receptor 

or between hemoglobin and ferritin in the formula fed group. See Figure 5. 
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In the two patients with ferritin < 13 ug/L, both were 9. 7 ug/L. One of the two had a 

transferrin receptor of 7.1 ug/mL, mean cell volume of 80.9 fL, erythrocyte 

protoporphyrin of 40 ug/dL and hemoglobin of 12.2 g/dL and the other had a transferrin 

receptor of 5.1 ug/mL, mean cell volume of 80.4fL, erythrocyte protoporphyrin of23 

ug/dL and hemoglobin of 13.3 g/dL. These values were suggestive of iron depletion. The 

formula feeding study population was black, so interpretation of hemoglobin values 

should take into account the 0.5 g/dL lower value found in the black race. 164 

' The only dietary intake variable associated with iron status variables was the cereal 

amount adjusted for age (See Table XIV). Preliminary analysis, in a population that 

included one formula fed infant who was given no cereal during the study period, found a 

negative correlation between cereal amount ( adjusted for age) and transferrin receptor 

value at six months (p=0.044). This subject was dropped from analysis. The subsequent 

analysis of cereal amount, adjusted for age, found a negative correlation between cereal 

amount and transferrih receptor value at six months but not at a significant level with a 

p=0.070. 

D. Summary 

Infant feeding guidelines routinely recommended in the United States include the use of 

breastmilk or iron-fortified formula for the first year oflife with supplementary iron

fortified cereal foods beginning at 4-6 months of age. There is general consensus that 

breastfed infants unsupplemented with iron from vitamin-mineral preparations or cereal 

are more likely to develop iron deficiency in late infancy than their formula fed 

counterparts. 26,27,81 The bioavailability of iron in infant cereals has been recently 

questioned61 but work by Walter et at.87 has shown that iron-fortified infant cereal can 

contribute to the prevention of iron deficiency anemia. This is true when the energy and 
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and protein intake from breastmilk and formula are at recommended levels. Infants who 

are consistently fed appropriate amounts of iron-fortified formula have a 1-in-25 chance 

of iron deficiency with less than I% having iron-deficiency anemia. 83 

Summary of Findings in the Breastfed Group 

Growth was adequate. Energy and protein intake appeared to be adequate. The nutrient 

contribution of breastmilk appeared to be the major contributor to growth. The nutrient 

amounts from cereal did not appear to be associated with growth. Instead higher amounts 

of cereal were correlated with improved iron status. There was a higher proportion of 

iron from cereal than in the formula fed group but the absorption from breastmilk is 

significantly higher. The overall intake of iron per day was not within the recommended 

intake and emphasizes the importance of body stores. Iron intake levels observed in this 

study group may not be able to continue to meet iron needs with the amount of cereal 

being fed. A faster rate of attaining higher cereal volumes may improve iron status in this 

population. Iron status was compromised in three (33%) of the participants. Three 

patients had ferritins < 13 ng/mL and there was a negative correlation between ferritin 

and transferrin receptor. The transferrin receptor was useful in identifying the infants at 

risk with one in iron deficiency and two nearing iron depletion. 

Summary of Findings In the Formula Group 

Growth appears to be adequate but the formula fed infants were starting out at a lower 

weight and length so iron reserves were smaller than in the breastfed group. Weight and 

length gain per day were associated with protein and energy intake per kg/ body weight. 

There was a higher proportion of energy and protein from cereal than found in the 

breastfed group. Intake did not follow recommended levels with too few kilocalories 

from formula and too high a proportion of cereal in the diet for the amount of formula 

given. These inappropriate feeding practices may reduce the bioavailability of iron but 
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the study design did not document any negative effects. Iron status indicators were just 

begi~g to change with erythrocyte protoporyphyrin increasing in infants with higher 

length gains per day. The reason for the positive correlation of ferritin and transferrin 

receptor and the negative correlation of hemoglobin and ferritin was a small sample size 

that included one patient with a-thalasemmia. Two of the eight infants (25%) were in 

jeopardy o~ iron deficiency. 

E. Conclusions 

The serum transferrin receptor was useful in identifying infants at risk of iron deficiency 

anemia in this study. Three of the infants in the breastfed group were identified as at risk 

of iron deficiency anemia. All three had normal hemoglobins. All three had ferritins 

below 13 ng/mL. The two with iron depletion had transferrin receptor levels at the upper 

limits of normal (both with values of 8.2 ug/mL) and the one patient with iron deficiency 

without anemia had a transferrin receptor level above normal (12.4 ug/mL). The infants 

in the formula fed group were overall in an iron replete state except for the one infant 

with a-thalessemia. In the iron replete state, there is no correlation of transferrin receptor 

with ferritin. In the iron deficient state, there _is a negative correlation of transferrin 

receptor with ferritin which is also observed in increased erythropoiesis. Research 

studies in infants should evaluate the reticulocyte count (to eliminate increased bone 

marrow activity as a reason for an elevated serum transferrin receptor) and serum 

transferrin levels (to document adequate protein status) in addition to the laboratory 

values measured in this study. The transferrin receptor does appear useful in six month 

old infants in detecting early iron deficiency and if confirmed by larger studies would be 

a more sensitive screening test for iron deficiency than hemoglobin. Confirmation of iron 

depletion with a follow-up ferritin to identify any infants with a-thalassemia should be 

completed prior to initiating iron therapy particularly in populations with a high 

incidence of a-thalassemia. 
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Figure 2. 
PROPORTION OF ENERGY FROM FORMULA AND CEREAL FOR THE EXCLUSIVELY 
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Figure 4. 
RELATIONSHIP OF FERRITIN TO TRANSFERRIN RECEPTOR 
WITHIN EXCLUSIVELY BREASTFED GROUP AT SAMPLE 1 
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Fi9ure 5. 
RELATIONSHIP OF FERRITIN TO TRANSFERRIN RECEPTOR 
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GLOSSARY OF DEFINITIONS 

CER AMf cereal amount 
given from 3 months of age until blood 
sampling 

ENE BM energy in kcal 
provided from breastmilk from 3 months 
of age until blood sampling 

ENE FR energy in kcal 
provided from formula from 3 months of 
age until blood sampling 

ENE CER energy in kcal 
provided from cereal from 3 months of 
age until blood sampling 

TOT ENE summation of 
energy in kcal provided from breastmilk 
or formula and cereal from 3 months of 
age until blood sampling 

ENE DAY TOT ENE divided 
by the number of days from 3 months of 
age until the blood sampling 

ENEKG ENE DAY 
divided by the weight in kilograms at 
blood sampling_ 

PRO BM protein in grams 
provided from breastmilk from 3 months 
of age until blood sampling 

PRO FR protein in grams 
provided from formula from 3 months of 
age until blood sampling 

PRO CER protein in grams 
provided from cereal from 3 months of 
age until blood sampling 
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TOTPRO summation of 
protein in grams provided from 
breastmilk or formula and cereal from 3 
months of age until blood sampling 

PRO DAY TOT PRO divided 
by the number of days from 3 months of 
age until the blood sampling 

PROKG PRO DAY 
divided by the weight in kilograms at 
blood sampling 

FE BM iron in milligrams 
provided from breastmilk from 3 months 
of age until blood sampling 

FE FR iron in milligrams 
provided from formula from 3 months of 
age until blood sampling 

FE CER iron in milligrams 
provided from cereal from 3 months of 
age until blood sampling 

TOT FE summation of iron 
in milligrams provided from breastmilk 
or formula and cereal from 3 months of 
age until blood sampling 

FEDAY TOT FE divided 
by the number of days from 3 months of 
age until the blood sampling 

FE KG FE DAY divided by the 
weight in kilograms at blood sampling 

FEP 

, .TfR 

FER 

erythrocyte 
protoporphyrin 

transferrin receptor 

ferritin 

HGB hemoglobin 
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REC red blood cells 

HCT hematocrit 

MCV mean cell 
volume 

MCH mean cell 
hemoglobin 

MCHC mean cell 
hemoglobin concentration 

RDW red cell 
distribution width 




