
ABSTRACT
Background: Egg yolks can be a source of docosahexaenoic
acid (DHA) and iron but are often associated with adverse con-
sequences on plasma cholesterol.
Objective: Our goal was to investigate the effect of consumption
of 4 egg yolks/wk on infant DHA status and hemoglobin, ferritin,
and plasma cholesterol concentrations. Secondary outcomes
included plasma iron, transferrin, and transferrin saturation.
Design: This was a randomized controlled trial comparing no
dietary intervention, consumption of 4 regular egg yolks/wk, and
consumption of 4 n�3 fatty acid–enriched egg yolks/wk in breast-
fed and formula-fed infants from 6 to 12 mo of age. Erythrocyte
DHA concentrations, cholesterol, and iron status were assessed at
6 and 12 mo of age.
Results: Of the 82 breast-fed infants recruited, 23 of 28 (no
intervention), 23 of 27 (regular eggs), and 24 of 27 (n�3 eggs)
completed the trial. Of the 79 formula-fed infants enrolled, 23 of
27 (no intervention), 24 of 26 (regular eggs), and 20 of 26 (n�3
eggs) completed the trial. Erythrocyte DHA concentrations were
30–40% higher after the n�3 egg intervention than after treat-
ment with regular eggs or no eggs in both breast-fed and for-
mula-fed infants. Egg treatment had no significant effect on
plasma cholesterol, hemoglobin, ferritin, and transferrin but did
result in improvements in plasma iron and transferrin saturation
compared with no egg treatment. 
Conclusions: n�3 Fatty acid–enriched eggs may provide a
means of increasing dietary DHA during the second 6 mo of life.
Egg yolks may also be a useful source of iron during the wean-
ing period and can be safely included in the weaning diet with no
perturbations in plasma cholesterol. Am J Clin Nutr 2002;
75:1084–92.

KEY WORDS Weaning diet, infants, randomized controlled
trial, docosahexaenoic acid, iron, cholesterol, egg

INTRODUCTION

Weaning of both breast-fed and formula-fed infants is usually
recommended from 4 to 6 mo of age (1). Although it is common
to introduce iron-fortified cereals as a first food, this contrasts
with more traditional weaning practices in which egg yolks
and brains were used as first foods (2). Iron stores in breast-fed
infants become depleted by �6 mo. Because breast milk is not a
good source of iron, iron-rich weaning foods are considered impor-

tant to avoid iron deficiency (3). Like meat, egg yolks contain
both heme and nonheme iron. Heme iron refers to the iron in
hemoglobin, myoglobin, and heme-containing enzymes; nonheme
iron includes all other forms of iron. Heme iron is absorbed more
efficiently than is nonheme iron and its absorption is not signifi-
cantly influenced by iron status or other constituents of the diet
(3, 4). Conversely, the absorption of nonheme iron, mainly from
iron salts, can be modified by different dietary factors, and stud-
ies investigating the addition of whole eggs to meals containing
nonheme iron show a reduction in iron absorption (reviewed in
reference 5). These observations are supported by other studies
showing that egg white inhibits nonheme iron absorption (6).
However, iron absorption from egg yolk alone has not been
investigated. Given that egg yolks contain some heme iron, are
small in volume, and have a soft texture suitable for weaning
infants, an investigation of whether egg yolk in the weaning diet
can influence iron status is warranted.

The n�3 long-chain polyunsaturated fatty acid (LCPUFA)
docosahexaenoic acid (DHA; 22:6n�3) is an integral component
of breast milk and until recently was not added to infant formu-
las. Randomized controlled trials of infant formula supplemented
with DHA compared with formula containing only precursor
fatty acids have consistently shown short-term improvements in
visual and neural development of preterm infants (7). Trials
involving term infants have reported neutral or positive outcomes (7).
Although the potential long-term benefits of DHA are still being
explored, biochemical data indicate that breast-fed infants accu-
mulate DHA in the brain until ≥12 mo of age and at a greater rate
than do infants fed formula without DHA (8, 9). To our knowledge,
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no trials have addressed whether weaning foods high in n�3 fatty
acids, such as n�3 fatty acid–enriched egg yolks, can improve
infant DHA status during late infancy.

The most commonly cited reason for delaying the introduc-
tion of whole eggs to infants is to avoid sensitizing infants to egg
white proteins and hence the development of egg-related aller-
gies (1). Furthermore, although dietary recommendations for
adults to reduce their intake of eggs to limit the cholesterol con-
tent of the diet have little relevance to young children, such
guidelines may influence a parent’s food choices for his or her
child. The purpose of our trial was to investigate the nutritional
role of egg yolks in the weaning diets of breast-fed and formula-
fed infants. Primary outcome measures included erythrocyte
DHA concentrations, infant iron status, and plasma cholesterol
concentrations. Secondary outcomes included growth and
plasma indexes of allergy.

SUBJECTS AND METHODS

Protocol

Healthy 6-mo-old infants born at term (> 37 wk gestation)
with birth weights > 2500 g were eligible for the trial. Infants
were excluded if they had known protein intolerances or aller-
gies. Infants were eligible for entry into the breast-fed cohort if
they received < 120 mL formula (or cow milk)/wk and were eli-
gible for entry into the formula-fed cohort if they were receiving
all their nutrition as formula feeds by 4 wk after birth and were
subsequently formula fed. All formulas consumed by infants did
not contain LCPUFAs and were fortified with iron.

A research nurse attended immunization clinics in the Adelaide
metropolitan area and screened mother-infant pairs for eligibility.
The research nurse explained the trial, provided an information
sheet to mothers with eligible infants, and invited their participa-
tion. Written, informed consent was obtained in adherence to the
protocol approved by the Committee on Clinical Investigation
(Ethics), Flinders Medical Centre (FMC), and the Research and
Ethics Committee, Women’s and Children’s Hospital.

Mother-infant pairs attended an initial appointment at the
FMC. Each appointment was made according to the date the
infant was expected to turn 6 mo of age (26 ± 1 wk). Just before
this appointment, the clinical trials staff randomly allocated infants
to receive either no dietary intervention, regular eggs, or n�3
fatty acid–enriched eggs (n�3 eggs) according to a computer-
generated randomization schedule. Breast-fed and formula-fed
infants were allocated by using separate schedules. The investi-
gator who generated these randomization schedules (MAN) was
not involved in the day-to-day management of the trial.

Dietary intervention

The aim of the dietary intervention was to include 4 egg
yolks/wk in the diet of weaning infants between 6 and 12 mo of
age without significantly altering intake from other foods. The
dietary intervention with n�3 eggs was designed to match the
amount of DHA a breast-fed infant would normally receive, ie,
�100 mg/d. The fatty acid and nutrient compositions of the eggs
are shown in Tables 1 and 2. The eggs were enriched with DHA
by feeding hens diets rich in n�3 fatty acids, including DHA (11).
Eggs (weighing 60–65 g each) were purchased from South Coast
Eggs (Myponga, South Australia) and were supplied in plain car-
tons coded A or B. The regular and n�3 eggs were similar in
appearance, taste, and smell. Both the study participants and the
research personnel were unaware of the type of eggs provided.

Compliance was encouraged by providing the family with
2 dozen eggs per fortnight, delivered by courier to the home of
each infant allocated to an egg group. All mothers received advice
regarding preparation, received instruction about separating the
egg yolk from the egg white, and were supplied with plastic egg
separators and a recipe booklet compiled by a dietitian.

Assessments

At 6 (26 ± 1 wk), 9 (39 ± 1 wk), and 12 (52 ± 1 wk) mo of
age, infant weight, length, and head circumference were meas-
ured and a brief feeding questionnaire was completed by the
infants’ mothers. Particular attention was paid to the mode of
feeding (quantity of breast milk and formula feeds) and intake of
eggs and other foods in the weaning diet that also contain iron
and LCPUFAs, such as fish and meat. The questionnaire thus
enabled us to determine whether the dietary intervention (4 egg
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TABLE 1
Nutrient composition of whole eggs and egg yolks1

Nutrient Whole egg Egg yolk

Energy (kJ) 594 1311
Protein (g) 12.7 15.6
Fat (g) 10.1 28.2
Cholesterol (mg) 375 1050
Iron (mg) 1.6 4.0

1 Composition is per 100 g whole egg or per 100 g egg yolk. Average
egg weight = 62 g; average egg yolk weight = 20 g. Data are from the Aus-
tralian food-composition tables (10).

TABLE 2
Fatty acid composition of regular and n�3 fatty acid–enriched eggs1

Fatty acid composition Regular egg n�3 Egg

Total saturates
(mg) 2772 ± 284 2951 ± 204
(% of total fatty acids) 32.4 ± 0.4 33.4 ± 0.2

Total monoenes
(mg) 4258 ± 272 4194 ± 367
(% of total fatty acids) 49.8 ± 1.3 47.4 ± 1.2

Linoleic acid
(mg) 1141 ± 168 889 ± 35
(% of total fatty acids) 13.3 ± 0.8 10.1 ± 0.2

Arachidonic acid
(mg) 170 ± 21 68 ± 6
(% of total fatty acids) 2.0 ± 0.1 0.8 ± 0.1

Total n�6
(mg) 1385 ± 206 983 ± 41
(% of total fatty acids) 16.1 ± 1.0 11.1 ± 0.2

�-Linolenic acid
(mg) 41 ± 2 317 ± 66
(% of total fatty acids) 0.5 ± 0.1 3.6 ± 1.0

Eicosapentaenoic acid
(mg) ND 26 ± 3
(% of total fatty acids) ND 0.3 ± 0.1

Docosahexaenoic acid
(mg) 73 ± 10 315 ± 16
(% of total fatty acids) 0.9 ± 0.1 3.6 ± 0.1

Total n�3
(mg) 126 ± 14 701 ± 54
(% of total fatty acids) 1.5 ± 0.1 8.0 ± 1.1

1 x– ± SD. Composition is per 100 g whole egg; average egg weight = 62 g.
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yolks/wk) replaced other solid meals that may contribute signifi-
cantly to the iron or LCPUFA intake of infants. At 6 mo, infor-
mation regarding parental socioeconomic status and education
was also collected (12).

At 6 and 12 mo, a blood sample (2 mL) was taken by veni-
puncture for the assessment of LCPUFA status, iron status, plasma
cholesterol, and plasma indexes of allergy. A portion of the sam-
ple (500 �L) was placed in EDTA for hemoglobin determination
and the remainder was stored in containers with lithium heparin.
Plasma was used to measure ferritin, iron, transferrin, transferrin
saturation, and total cholesterol. The remaining plasma sample was
stored at �80 �C until analyzed for allergen-specific immuno-
globulin E (IgE). Packed red blood cells were used to analyze
erythrocyte phospholipid fatty acids.

Fatty acid analysis

Plasma and erythrocytes were separated by centrifugation
(700 � g for 5 min at room temperature). The erythrocytes were
washed 3 times with isotonic saline, and the lipids were
extracted with chloroform:propanol (13). The total phospholipid
fraction of the lipid extract was separated by thin-layer chroma-
tography and methylated. Fatty acid methyl esters were separated
and quantified by capillary gas chromatography as previously
reported (14). Results are expressed as percentages of total phos-
pholipid fatty acids.

Iron studies

All iron studies were conducted by the SouthPath SA labora-
tory at FMC. SouthPath staff were blinded to each infant’s dietary
allocation. Hemoglobin concentrations were measured spec-
trophotometrically by using a Coulter STKS analyzer (Beckman
Coulter, Hialeah, FL). Plasma ferritin and transferrin were deter-
mined by immunoturbidimetric assays (Boehringer Mannheim
Systems, New South Wales, Australia) on a BM/Hitachi 917 Auto-
matic Analyzer. Plasma iron was measured on the same analyzer
by using the BM/Hitachi 917 Systems Pack. Precision values for
the SouthPath SA laboratory (expressed as CVs) for each of these
indexes were as follows: hemoglobin, 1.5%; ferritin, 5%; iron,
2.3%; and transferrin, 2.1%.

The normal reference ranges used in this study for the iron sta-
tus of infants (6 mo to 2 y) are as follows: hemoglobin,
105–135 g/L; ferritin, 10–250 �g/L; iron, 8–30 �mol/L; transfer-
rin, 2.0–3.6 g/L; and transferrin saturation, 10–60% (4). Infants
whose hemoglobin and plasma iron markers fell within these lim-
its were considered iron sufficient. All infants with a hemoglobin
concentration <105 g/L were classified as having anemia (15).
Infants who had plasma ferritin concentrations ≤10 mg/L were
classified as having iron deficiency (15). Infants with iron defi-
ciency who also had hemoglobin concentrations < 105 g/L were
classified as having iron deficiency anemia (15).

For ethical reasons, infants who had anemia at 6 mo were
withdrawn from the study and referred for treatment. If an infant
was iron deficient at 6 mo, the infant-mother pair was invited
back for a repeat blood sample in 6–8 wk. If iron deficiency ane-
mia developed in that time, the infant was withdrawn and
referred for treatment.

Plasma cholesterol analysis

Total cholesterol analyses of nonfasting blood samples were
also performed by SouthPath SA at the FMC. Plasma cholesterol
was determined by the cholesterol CHOD-PAP method enzy-

matic colorimetric test (Boehringer Mannheim Systems) with a
BM/Hitachi 917 analyzer.

Immunoglobulin E analysis

The concentration of circulating allergen-specific IgE antibod-
ies in plasma was measured by using the Pharmacia CAP System
RAST (radioallergosorbent test) Radioimmunoassay (Kabi Phar-
macia Diagnostics AB, Uppsala, Sweden). World Health Organi-
zation IgE standard-based calibrators (Kabi Pharmacia Diagnostics
AB) were used to measure specific IgE antibodies, and values are
expressed in kUA/L, where A is allergen-specific antibodies. The
measurement range for undiluted plasma is 0.35–100 kUA/L, and
the results are reported as the percentage with a RAST class ≥ 1
(where RAST = 1 is defined as 0.35 to <0.7 kUA/L).

Sample size and statistics

For erythrocyte DHA and plasma cholesterol values, an � of
0.01 was used in estimates of sample size and power to allow for
multiple comparisons. A sample size of 20 infants per group
allowed us to detect a mean (± SD) difference of 1 ± 0.80% in
phospholipid erythrocyte fatty acids between dietary groups with
89% power. Similarly, a sample size of 20 infants per group
allowed us to detect a change of 1 ± 0.80 mmol/L in mean
plasma cholesterol between dietary groups with 89% power. Esti-
mates of sample size and power were undertaken for hemoglobin
and ferritin values because these are the primary measures of
iron status. Sample sizes of 40 infants per egg treatment group
and 20 infants per control group allowed us to detect a difference
of 8 ± 10 g/L in hemoglobin (� = 0.05) and a difference of
20 ± 25 �g/L in ferritin (� = 0.05) between groups with 82%
power. When egg treatment groups were combined, statistical
comparisons were conducted across 4 groups (egg treatment
groups combined within each cohort) and cross-checked across
all 6 groups to ensure that there were no inconsistencies in the
outcomes of the statistical analyses.

Differences in baseline characteristics (before intervention)
among dietary groups were tested by analysis of variance
(ANOVA) and adjusted for multiple comparisons. Differences in
baseline characteristics between breast-fed and formula-fed infants
were also assessed. The effects of the dietary intervention, mode
of feeding (breast-fed or formula-fed), and time were evaluated
by using three-factor repeated-measures ANOVA for the outcomes
of reported number of egg yolks consumed; reported consump-
tion of meat, chicken, and fish; reported consumption of baby
cereal; reported consumption of adult cereal; erythrocyte DHA
and AA; plasma cholesterol; and indexes of iron status. Analysis
of plasma ferritin values was performed by using log-trans-
formed data. Post hoc tests were adjusted for multiple compar-
isons. Comparisons of weight, length, and head circumference
were also by three-factor repeated-measures ANOVA in which
dietary grouping, mode, and time were treated as the main effects.
All analyses were conducted with SPSS for WINDOWS (version
10.0; SPSS Inc, Chicago). All data are expressed as means ± SDs
unless otherwise stated.

RESULTS

Study sample

A total of 251 eligible mother-infant pairs were approached to
enter the trial, and 161 gave written, informed consent to participate
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(Figure 1). Of these, 82 were breast-fed and 79 were formula-fed.
Of the 82 breast-fed infants recruited, 23 of 28 (control group),
23 of 27 (regular egg group), and 24 of 27 (n�3 egg group) com-
pleted the trial. Twelve breast-fed infants were withdrawn for the
following reasons: anemia at trial entry (n = 8), failure to attend the
initial appointment (n = 2), ceased breast-feeding before 9 mo
(n = 1), and perceived adverse reaction to eggs by the parents
(n = 1). Of the 79 formula-fed infants recruited, 23 of 27 (control
group), 24 of 26 (regular egg group), and 20 of 26 (n�3 egg group)

completed the trial. Twelve formula-fed infants were withdrawn for
the following reasons: failure to attend the initial appointment
(n = 9), loss to follow-up (n = 1), perceived adverse reaction to eggs
by the parents (n = 1), and unknown reason (n = 1).

The demographic characteristics of the infants who completed
the trial are shown in Table 3. There were no significant differ-
ences between the dietary groups within the breast-fed and for-
mula-fed cohorts. However, compared with the formula-fed
infants, the breast-fed infants had mothers who were less likely
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TABLE 3
Characteristics of the infants who completed the trial and their parents1

Breast-fed cohort Formula-fed cohort

Control Regular egg n�3 Egg Control Regular egg n�3 Egg
(n = 13 M, 10 F) (n = 11 M, 12 F) (n = 11 M, 13 F) (n = 12 M, 11 F) (n = 8 M, 16 F) (n = 9 M, 11 F)

Gestational age (wk) 39.9 ± 1.12 40.0 ± 1.1 39.4 ± 0.9 39.9 ± 1.2 39.9 ± 1.0 39.5 ± 1.0
Birth weight (g) 3640 ± 492 3722 ± 516 3540 ± 445 3453 ± 438 3541 ± 491 3463 ± 484
Birth length (cm) 51.2 ± 2.1 51.7 ± 2.2 50.7 ± 2.0 50.4 ± 1.9 51.1 ± 2.3 50.9 ± 1.9
Birth head circumference (cm) 35.4 ± 1.3 35.4 ± 1.1 34.8 ± 1.1 34.9 ± 1.3 34.9 ± 1.5 34.9 ± 1.3
Apgar score at 5 min 9.3 ± 0.7 9.2 ± 0.8 8.9 ± 0.6 9.1 ± 0.4 9.0 ± 1.0 9.0 ± 0.6
Mother’s education score3 3.4 ± 0.9 3.2 ± 1.1 3.5 ± 1.1 2.6 ± 0.8 3.1 ± 1.3 2.9 ± 1.2
Mother’s social score4 4.7 ± 0.8 5.0 ± 1.0 4.6 ± 1.0 5.1 ± 0.9 5.0 ± 1.0 5.1 ± 0.8
Mother smokes (% yes) 8.7 0.0 4.2 47.8 33.3 40.0
Male caregiver’s education score3 3.4 ± 1.1 [23]5 3.4 ± 1.0 [20] 3.8 ± 1.1 2.9 ± 1.0 2.9 ± 0.9 [23] 3.2 ± 1.0 [19]
Male caregiver’s social score4 4.7 ± 0.9 [23] 4.6 ± 1.1 [20] 4.5 ± 1.4 4.9 ± 0.9 5.3 ± 1.0 [23] 4.6 ± 1.1 [19]
Male caregiver smokes (% yes) 39.0 [23] 25.0 [20] 8.3 43.5 34.8 [23] 37.0 [19]

1 Statistical comparisons were as follows. Mother’s education, breast-fed cohort compared with fomula-fed cohort: mean rank 78.8, median 3.0 ± 1.0,
n = 70, compared with mean rank 58.8, median 2.5 ± 1.1, n = 67, P < 0.005. Male caregiver’s education, breast-fed cohort compared with formula-fed cohort:
mean rank 75.3, median 4.0 ± 1.1, n = 67, compared with mean rank 57.5, median 3.0 ± 1.0, n = 65, P < 0.005. Mother smokes, breast-fed cohort compared
with formula-fed cohort: 4.3%, n = 70, compared with 40.3%, n = 67, P < 0.001.

2 x– ± SD.
3 Education was ranked by using a 7-point scale on which 0 was for no formal education, 1 was for completion of primary school, 2 was for completion

of midsecondary school, 3 was for completion of secondary school, 4 was for completion of a certificate or diploma, 5 was for a tertiary degree, and 6 was
for a higher degree.

4 The highest rank (1) was assigned to professional and academic professions and the lowest rank (6) to unskilled occupations (12).
5 n in brackets.

FIGURE 1. Enrollment, random assignment, and study outcome of breast-fed and formula-fed infants.
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to smoke and had mothers and male caregivers with higher edu-
cation scores. Infants in the formula-fed cohort were breast-fed
for an average of 1.9 ± 1.6 wk.

The dietary intervention resulted in mothers reporting increased
use of egg yolks in both the breast-fed and formula-fed cohorts
(Table 4). Reported consumption of �4 egg yolks/wk did not
affect the frequency of consumption of other foods, such as meats
and cereals, that are likely to contribute iron or LCPUFAs to
infant diets. The formula-fed infants consumed more adult cereal,
meat, chicken, and fish than did the breast-fed infants, whereas
the breast-fed infants consumed more baby cereal.

Compliance with the dietary intervention is highlighted by the
fact that erythrocyte DHA concentrations were 30% higher after
treatment with n�3 eggs than after treatment with regular eggs
in both the breast-fed and formula-fed infants at 12 mo of age
(Table 5). Note that adding �4 n�3 egg yolks/wk to the diets of
infants fed formula without LCPUFAs resulted in erythrocyte
DHA concentrations that were not significantly different from those
in the breast-fed infants in the control group at 12 mo of age. Ery-
throcyte AA concentrations were <10% lower after treatment with
n�3 eggs than after the control or treatment with regular eggs in
both the breast-fed and formula-fed cohorts at 12 mo of age.

Increasing egg yolk consumption from �1 to 4/wk did not alter
mean plasma cholesterol concentrations in either the breast-fed or
formula-fed infants (Table 5). The breast-fed infants did, however,
have higher cholesterol concentrations than the formula-fed infants
at 6 mo of age [4.3 ± 0.8 (n = 70) compared with 3.8 ± 0.7 (n = 67)
mmol/L; P < 0.001]. This difference disappeared by 12 mo of age
[4.3 ± 0.7 (n = 70) compared with 4.1 ± 0.7 (n = 67) mmol/L],
when all infants were consuming a greater variety of foods.

Hemoglobin, ferritin, and transferrin values did not differ
significantly between the combined egg treatment groups and the
control group within both the breast-fed and formula-fed cohorts
(Table 6). At 12 mo, however, plasma iron and transferrin satu-
ration were higher in the egg-treated breast-fed and formula-fed
infants than in the respective control groups. Only one breast-fed
infant receiving regular eggs had iron deficiency anemia at
12 mo of age. Iron status did not differ significantly between the
breast-fed and formula-fed infants, except that plasma ferritin
concentrations tended to be lower in the breast-fed infants
(P = 0.06). At 12 mo of age, more breast-fed infants (17.1%, 12
of 70) than formula-fed infants (7.5%, 5 of 67) were iron defi-
cient (NS). The frequency of positive values for antibodies spe-
cific to egg yolk and egg white did not differ significantly
between the combined egg treatment group and the control group
within both cohorts or between the breast-fed and formula-fed
cohorts (Table 7).

Weight, length, and head circumferences were not significantly
different between the dietary groups nor were there any significant
interactions between diet and time (data not shown). However, the
breast-fed infants were consistently lighter [at 6 mo, 7575 ± 892
(breast-fed, n = 70) compared with 7942 ± 943 (formula-fed,
n = 67) g; at 9 mo, 8584 ± 999 compared with 9081 ± 1043 g; and
at 12 mo, 9626 ± 1060 compared with 10121 ± 1130 g; P < 0.01]
and shorter [at 6 mo, 67.1 ± 2.6 (breast-fed, n = 70) compared with
67.6 ± 2.3 (formula-fed, n = 67) cm; at 9 mo, 70.9 ± 2.4 compared
with 72.1 ± 2.5 cm; and at 12 mo, 75.1 ± 2.5 compared with
75.9 ± 3.5 cm; P < 0.05] than the formula-fed infants. There was
no significant difference in head circumference between the breast-
fed and formula-fed infants.
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TABLE 4
Frequency of solid food intake reported by mothers of infants who completed the trial1

Breast-fed cohort Formula-fed cohort

Control Regular egg n�3 Egg Control Regular egg n�3 Egg
(n = 23) (n = 23) (n = 24) (n = 23) (n = 24) (n = 20)

no. of servings/wk no. of servings/wk

Egg yolks
6 mo (baseline) 0.1 ± 0.4a,2 0.0 ± 0.0a,2 0.0 ± 0.2a,2 [23] 0.1 ± 0.5a,2 0.1 ± 0.4a,2 0.0 ± 0.0a,2

9 mo 0.9 ± 1.0a,2 4.0 ± 0.8b,3 4.0 ± 0.7b,3 [23] 0.8 ± 1.1a,2 3.9 ± 1.2b,3 3.6 ± 1.0b,3

12 mo 1.6 ± 1.4a,2 3.9 ± 0.9b,3 3.9 ± 1.6b,3 [23] 1.2 ± 0.8a,2 4.0 ± 1.3b,3 3.4 ± 1.9b,3

Meat, chicken, and fish
6 mo (baseline) 1.7 ± 2.82 1.8 ± 3.32 0.9 ± 1.62 1.9 ± 2.82 2.8 ± 3.02 2.3 ± 2.72

9 mo 6.0 ± 2.83 4.6 ± 3.52 5.7 ± 3.33 5.9 ± 3.33 6.0 ± 3.62 7.0 ± 2.63

12 mo 6.9 ± 2.73 6.5 ± 2.13 6.6 ± 2.13 8.1 ± 3.34 7.7 ± 3.03 7.9 ± 2.63

Baby cereal
6 mo (baseline) 5.0 ± 3.12 4.8 ± 3.22 5.4 ± 2.52 4.2 ± 3.12 5.6 ± 3.32 5.0 ± 2.82

9 mo 5.0 ± 3.22 4.9 ± 3.02 4.1 ± 3.23 2.9 ± 3.13 2.9 ± 3.43 3.0 ± 3.03

12 mo 2.8 ± 3.33 1.8 ± 2.93 1.1 ± 2.34 1.0 ± 2.13 1.1 ± 2.63 0.7 ± 2.23

Adult cereal
6 mo (baseline) 0.0 ± 0.22 0.4 ± 1.62 0.7 ± 1.82 1.5 ± 2.82 02 1.0 ± 2.42

9 mo 2.3 ± 3.33 2.3 ± 3.03 2.0 ± 2.82 3.5 ± 3.02 3.4 ± 4.03 3.2 ± 3.03

12 mo 4.1 ± 3.33 4.3 ± 3.33 5.3 ± 2.53 5.7 ± 2.03 4.8 ± 3.23 5.8 ± 3.14

1 x– ± SD; n in brackets. Values with different superscript letters indicate significant differences between dietary groups, P < 0.05 (three-factor repeated-
measures ANOVA). Egg yolks: dietary group, P < 0.001; mode, NS; dietary group � mode, NS; time, P < 0.001; time � dietary group, P < 0.001;
time � mode, NS; time � dietary group � mode, NS. Meat, chicken, and fish: dietary group, NS; mode, P < 0.01; dietary group � mode, NS; time, P < 0.001;
time � dietary group, NS; time � mode, NS; time � dietary group � mode, NS. Baby cereal: dietary group, NS; mode, P < 0.01; dietary group � mode,
NS; time, P < 0.001; time � dietary group, NS; time � mode, P < 0.05; time � dietary group � mode, NS. Adult cereal: dietary group, NS; mode,
P < 0.01; dietary group � mode, NS; time, P < 0.001; time � dietary group, NS; time � mode, NS; time � dietary group � mode, NS.

2–4 Values with different superscript numbers indicate significant differences by time within each dietary group, P < 0.05 (three-factor repeated-measures
ANOVA).
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DISCUSSION
Our trial was a systematic study of the nutritional value of

including egg yolk in the weaning diet of breast-fed and for-
mula-fed infants. With the separate random assignment of the
breast-fed and formula-fed infants, the trial was structured to

answer current nutritional issues pertinent to all infants. For
example, although formula-fed infants are generally iron suffi-
cient, the issue of improving their LCPUFA status remains topi-
cal. Conversely, breast-fed infants have an ample supply of
dietary LCPUFAs but have been reported to be at risk of depleted
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TABLE 6
Iron status of infants1

Breast-fed cohort Formula-fed cohort

Control Egg yolk intervention Control Egg yolk intervention
(n = 23) (n = 47) (n = 23) (n = 44)

Hemoglobin (g/L)
6 mo 124.0 ± 7.62 121.8 ± 12.02 123.8 ± 10.42 123.7 ± 9.82

12 mo 119.9 ± 7.43 120.0 ± 9.12 121.3 ± 6.33 122.8 ± 7.92

Ferritin (�g/L)
6 mo 43.5 ± 35.62 56.9 ± 44.32 40.0 ± 29.52 56.4 ± 43.12

12 mo 20.6 ± 11.13 26.7 ± 19.03 33.6 ± 17.22 36.6 ± 30.22

Iron (�mol/L)
6 mo 8.2 ± 3.2a 8.9 ± 2.9a,b 9.3 ± 3.3a,b 10.7 ± 4.1b

12 mo 8.3 ± 3.4a 10.5 ± 4.5b 8.2 ± 2.9a 10.5 ± 4.7b

Transferrin (g/L)
6 mo 2.7 ± 0.6a,2 2.6 ± 0.3a,2 2.7 ± 0.3a,2 2.7 ± 0.3a,2

12 mo 3.0 ± 0.4a,3 3.0 ± 0.4a,3 2.9 ± 0.4a,2 2.9 ± 0.4a,2

Transferrin saturation (%)
6 mo 12.4 ± 5.6a,2 14.0 ± 5.4a,b,2 13.8 ± 4.9a,b,2 16.1 ± 5.8b,2

12 mo 10.8 ± 4.6a,3 14.3 ± 6.8b,2 11.6 ± 4.5a,3 14.6 ± 6.6b,3

Iron deficiency (% positive)
6 mo 8.7 [2/23] 2.1 [1/47] 0 [0/23] 2.3 [1/44]
12 mo 17.4 [4/23] 17.0 [8/47] 8.7 [2/23] 6.8 [3/44]

1 x– ± SD; n in brackets. Values with different superscript letters indicate significant differences between dietary groups, P < 0.05 (three-factor repeated-
measures ANOVA). Hemoglobin: egg intervention, NS; mode, NS; egg intervention � mode, NS; time, P < 0.05; time � egg intervention, NS; time � mode,
NS; time � egg intervention � mode, NS. Ferritin: egg intervention, NS; mode, P = 0.06; egg intervention � mode, NS; time, P < 0.001; time � egg inter-
vention, NS; time � mode, P < 0.01; time � egg intervention � mode, NS. Iron: egg intervention, P < 0.005; mode, NS; egg intervention � mode, NS;
time, NS; time � egg intervention, NS; time � mode, P = 0.06; time � egg intervention � mode, NS. Transferrin: egg intervention, NS; mode, NS; egg
intervention � mode, NS; time, P < 0.001; time � egg intervention, NS; time � mode, P < 0.05; time � egg intervention � mode, NS. Transferrin satura-
tion: egg intervention, P < 0.005; mode, NS; egg intervention � mode, NS; time, P < 0.05; time � egg intervention, NS; time � mode, NS; time � egg
intervention � mode, NS.

2,3 Values with different superscript numbers indicate significant differences by time within each dietary group, P < 0.05 (three-factor repeated-measures
ANOVA).

TABLE 5
Erythrocyte fatty acid status and plasma cholesterol concentrations of infants who completed the trial1

Breast-fed cohort Formula-fed cohort

Control Regular egg n�3 Egg Control Regular egg n�3 Egg
(n = 23) (n = 23) (n = 24) (n = 23) (n = 24) (n = 20)

DHA (% of total phospholipid fatty acids)
6 mo 5.2 ± 0.7a,2 5.4 ± 0.7a,2 5.6 ± 0.9a,2 2.7 ± 0.6b,2 2.6 ± 0.5b,2 2.7 ± 0.5b,2

12 mo 4.8 ± 0.8a,d,3 5.1 ± 0.9a,2 6.7 ± 1.3b,3 3.0 ± 0.5c,2 3.3 ± 0.7c,3 4.1 ± 1.2d,3

AA (% of total phospholipid fatty acids)
6 mo 15.8 ± 0.9a,2 15.6 ± 1.1a,2 15.8 ± 0.8a,2 14.1 ± 0.8b,2 14.2 ± 0.9b,2 14.4 ± 0.9b,2

12 mo 15.3 ± 0.7a,2 15.3 ± 0.8a,2 13.9 ± 0.9c,2 15.0 ± 0.8a,2 15.1 ± 0.7a,2 14.5 ± 1.0b,2

Cholesterol (mmol/L)
6 mo 4.4 ± 0.92 4.3 ± 0.82 4.3 ± 0.72 3.8 ± 0.72 3.8 ± 0.72 3.8 ± 0.62

12 mo 4.1 ± 0.92 4.2 ± 0.82 4.4 ± 0.72 3.9 ± 0.82 4.2 ± 0.62 4.2 ± 0.72

1 x– ± SD. DHA, docosahexaenoic acid; AA, arachidonic acid. Values with different superscript letters indicate significant differences between dietary
groups, P < 0.05 (three-factor repeated-measures ANOVA). DHA: dietary group, P < 0.001; mode, P < 0.001; dietary group � mode, NS; time, P < 0.001;
time � dietary group, P < 0.001; time � mode, P < 0.001; time � dietary group � mode, NS. AA: dietary group, P < 0.01; mode, P < 0.001; dietary group
� mode, NS; time, NS; time � dietary group, P < 0.001; time � mode, P < 0.001; time � dietary group � mode, NS. Cholesterol: dietary group, NS; mode,
P < 0.005; dietary group � mode, NS; time, NS; time � dietary group, NS; time � mode, P < 0.005; time � dietary group � mode, NS.

2,3 Values with different superscript numbers indicate significant differences by time within each dietary group, P < 0.05 (three-factor repeated-measures
ANOVA).
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iron stores during late infancy. Our trial addressed whether egg
yolk, which can be a good source of both LCPUFAs and iron, is
beneficial for all infants regardless of whether they are breast-
fed or fed formula, without adverse consequences on plasma
cholesterol concentrations or plasma indexes of allergy.

A major finding of the current trial was that infants fed formu-
las without DHA but who consumed 4 n�3 egg yolks/wk had
erythrocyte DHA percentages that were not significantly different
from those of the breast-fed infants. We showed in an earlier
study that weaning diets are very low in LCPUFAs, such that for-
mula-fed infants have little chance in the normal course of events
to achieve LCPUFA status similar to that seen in breast-fed
infants (16). In that earlier study, we calculated that it could take
≥14 regular egg yolks/wk to provide an infant with the same
amount of DHA that breast-fed infants receive. The results of the
present trial, which showed that 4 regular egg yolks/wk in the
weaning diet had no significant effect on erythrocyte DHA status,
add credibility to this calculation. However, the addition of 4 n�3
egg yolks/wk, which provided �100 mg additional DHA/d in the
weaning diets of the formula-fed infants, resulted in erythrocyte
DHA amounts not significantly different from those of the breast-
fed infants, who also obtained �100 mg DHA/d.

It is also interesting to note that erythrocyte DHA concentra-
tions decreased with age in the breast-fed infants in the control
group, whereas there was no significant change in DHA status
with time in the formula-fed infants in the control group.
Although breast milk remains the main dietary source of DHA in
6–12-mo-old infants, the increasing consumption of weaning
foods low in DHA and the reduction in breast milk volume con-
sumed during this age bracket probably explain the reduction in
DHA status of the breast-fed infants in the control group. On the
other hand, DHA status remains low in infants consuming for-
mulas without DHA and DHA-poor weaning foods and does not
alter with age. Our data indicate that n�3 egg yolks can be a use-
ful dietary source of DHA for both breast-fed and formula-fed
infants, and show for the first time that egg yolks can be incor-
porated into the weaning diet for a sustained period of time. The
implications of these findings remain to be determined because
no trials have specifically addressed changes in physiologic
functions or clinical outcomes of infants supplemented with
DHA during the second 6 mo of life.

Our trial showed no significant effect of egg yolk intervention
on hemoglobin and ferritin, the major determinants of iron sta-
tus, although there was a positive effect of egg treatment on
transferrin saturation and plasma iron. This is perhaps not sur-
prising because the infants studied were largely iron sufficient

and had adequate hemoglobin and iron stores (as measured by
ferritin). The improvements in plasma iron and transferrin satu-
ration with egg treatment reflect increases in iron transporta-
tion (17). Given that the additional amount of iron supplied by
the egg yolk intervention was �0.5 mg/d, it is possible that
either a greater dose or a longer treatment period would be nec-
essary before improvements in iron stores could be observed.

Other comparable trials involving largely iron-sufficient infants
that investigated the effect of different iron-containing weaning
foods on infant iron status had different results. Engelmann et al
(18) showed that partially breast-fed infants randomly allocated to
a high-meat (27 g/d) diet had improved iron status compared with
infants allocated to a low-meat (10 g/d) weaning diet. Note that the
iron contribution from meat in the high-meat group is similar to
the amount of iron received from the egg yolk treatment in the
current trial. Conversely, one of our earlier trials showed that
infants fed a high-iron weaning diet (8.2 ± 2.9 mg/d), in which the
iron was derived largely from iron-fortified cereal, had iron status
that was not different from that of a control group (5.2 ± 3.4 mg/d)
at 12 mo of age (19). The infants in the intervention group of this
earlier trial received an extra 3 mg Fe/d compared with an extra
0.5 mg Fe from egg yolk in the current trial. Collectively, these
data suggest that foods such as egg yolks and meat may make a
useful contribution to the weaning diet and that interventions
aimed at increasing the intake of such foods in iron-deplete infants
deserve to be tested in a large, community-based trial.

Although an egg yolk typically contains �200 mg cholesterol
and �6 g fat (2 g of which is saturated fat), introducing
�4 eggs/wk to the diets of weaning infants did not significantly
alter plasma cholesterol concentrations in either breast-fed or
formula-fed infants. This finding parallels observations from a
trial involving adults in which the intake of 4 regular or 4 n�3
eggs/wk resulted in no increase in blood lipids (20). One of the
largest randomized intervention trials that investigated early diet
and lifestyle counseling to reduce atherosclerosis risk factors
showed that intervention to reduce fat intake and replace satu-
rated fat with monounsaturated and polyunsaturated fat in the
weaning diet of infants resulted in no effect on blood lipids when
infants were 13 mo of age (21). On the other hand, breast-fed
infants are consistently reported to have higher plasma choles-
terol concentrations than formula-fed infants (22–24). Various
randomized trials of cholesterol-supplemented formula have
been undertaken with the aim of investigating the effect of cho-
lesterol supplementation on blood lipids and lipid metabolism
(25, 26). Although both trials reported increases in plasma cho-
lesterol with cholesterol supplementation of infant formula
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TABLE 7
Plasma egg yolk–specific and egg white–specific antibody responses of infants who completed the trial1

Breast-fed cohort Formula-fed cohort

Control Egg yolk intervention Control Egg yolk intervention

% with RAST ≥ 1 % with RAST ≥ 1

Egg yolk antibody
6 mo 4.3 [1/23] 8.8 [4/45] 0 [0/23] 2.3 [1/44]
12 mo 4.3 [1/23] 6.4 [3/47] 0 [0/23] 2.3 [1/44]

Egg white antibody
6 mo 4.3 [1/23] 8.7 [4/46] 0 [0/23] 9.1 [4/44]
12 mo 17.4 [4/23] 10.6 [5/47] 12.5 [3/23] 4.5 [2/44]

1 n in brackets. RAST (radioallergosorbent test; Kabi Pharmacia Diagnostics AB, Uppsala, Sweden). RAST = 1 is defined as 0.35 to <0.7 kUA/L, where
A is allergen-specific antibodies. There were no significant differences between dietary groups.
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(25, 26), cholesterol synthesis remained lower in breast-fed infants
than in cholesterol-supplemented, formula-fed infants (25). Few
data exists regarding the implications of these findings for phys-
iologic functions and clinical outcomes, and these remain con-
troversial. It has been suggested that cholesterol consumption in
human milk may promote the delivery of adequate substrate for
brain lipids (26), but other work suggests that the rat brain syn-
thesizes its cholesterol de novo (27).

Egg allergy and intolerance are among the most common food
allergies and intolerances (1). In our group of healthy infants with
no known protein allergies or intolerances, only 1 of 82 breast-fed
and 1 of 79 formula-fed infants were withdrawn from the trial
because the parents perceived that the infants had an adverse
reaction to the egg yolk intervention. Both of these infants were
ingesting egg protein as part of their usual weaning diet, however,
and we did not have the opportunity to confirm egg intolerance by
using a double-blind, placebo-controlled challenge. The presence
of antigen-specific antibodies to egg yolk and egg white were
used as indexes of egg intolerance, although IgE antibody
responses to food proteins can appear in healthy infants with no
clinical manifestations of allergy or intolerance (28). The results
of our trial confirm this because none of the infants had overt
signs of egg intolerance, but 4% and 8% of the egg-treated infants
had specific antibody responses to egg yolk and egg white, respec-
tively, compared with 2% and 15% of the control infants, respec-
tively. Within the limits of our trial there were no significant dif-
ferences in specific antibody responses between the treated and
control infants. However, given the relatively low rates of positive
responses, hundreds of infants per treatment group would have
been required to detect differences. Further studies should be
conducted to better define the clinical and plasma markers of
allergy in response to egg intervention.

In summary, the results of our trial indicate that it is possible
and practical for weaning infants to consume ≤ 4 egg yolks/wk
without affects on the intake of other foods such as cereals and
meats. The egg yolk intervention resulted in modest improve-
ments in iron status that may be most beneficial to infants who
are iron deplete, and this deserves further investigation. Eggs
fortified with n�3 fatty acids provide a means of increasing
dietary DHA during the second 6 mo of life without altering
plasma cholesterol. The emerging work in the field of dietary
DHA and infant outcomes will determine whether there are any
physiologic or clinical benefits to improved DHA status during
the second half of infancy.
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