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Abstract: Iron deficiency (ID) and iron deficiency anemia (IDA) typically occur in developing countries.
Notably, ID and IDA can affect an infant’s emotion, cognition, and development. Breast milk is
considered the best food for infants. However, recent studies have indicated that breastfeeding for
more than six months increases the risk of ID. This study investigated the prevalence of ID and
IDA, as well as the association between feeding type and iron nutritional status in northern Taiwan.
A cross-sectional study was conducted on infants who returned to the well-baby clinic for routine
examination from October 2012 to January 2014. Overall, 509 infants aged 1–12 months completed
the iron nutritional status analysis, anthropometric measurement, and dietary intake assessment,
including milk and complementary foods. The results revealed that 49 (10%) and 21 (4%) infants in
their first year of life had ID and IDA, respectively, based on the World Health Organization criteria.
Breastfed infants had a higher prevalence rate of ID and IDA than mixed-fed and formula-fed infants
(p < 0.001). Regarding biomarkers of iron status, plasma hemoglobin (Hb), ferritin, and transferrin
saturation (%) levels were significantly lower in ID and IDA groups. The prevalence of ID and IDA
were 3.7% and 2.7%, respectively, in infants under six months of age, but increased to 20.4% and 6.6%,
respectively, in infants above six months of age. The healthy group had a higher total iron intake than
ID and IDA groups, mainly derived from infant formula. The total dietary iron intake was positively
correlated with infants’ Hb levels. Compared with formula-fed infants, the logistic regression revealed
that the odds ratio for ID was 2.157 (95% confidence interval [CI]: 1.369–3.399) and that for IDA was
4.196 (95% CI: 1.780–9.887) among breastfed infants (p < 0.001) after adjusted for all confounding
factors (including gestational week, birthweight, sex, body weight percentile, body length percentile,
age of infants, mothers’ BMI, gestational weight gain, education level, and hemoglobin level before
delivery). In conclusion, our results determined that breastfeeding was associated with an increased
the prevalence of ID and/or IDA, especially in infants above six months. This suggests that mothers
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who prolonged breastfeed after six months could provide high-quality iron-rich foods to reduce the
prevalence of ID and IDA.

Keywords: infant; breast milk; formula milk; iron deficiency; iron deficiency anemia

1. Introduction

Breast milk is considered the optimal nutrition and healthy food for the first six months of life,
and breastfeeding is typically complemented with other foods from six months of age until at least
12 months for nearly all infants [1]. A reappraisal of the evidence from a recent expert review for the
European Food Safety Authority (EFSA) concluded that for infants across the EU, complementary
foods might be introduced safely between the fourth and sixth month [2]. Studies have determined
that the iron content in breast milk is low, infants fed with solid food before six months or received
iron supplement will decrease the risk of IDA [3]. Anemia is defined as a reduced erythrocyte count
or hemoglobin (Hb) value of 5 percentile below the normal hemoglobin value specified for that
age in healthy individuals [4]. Therefore, the US Department of Agriculture and the Centers for
Disease Control recommend the introduction of complementary food in infants aged between 4 and
6 months [5].

In addition to inadequate iron intake, reduced bioavailability of dietary iron, increased iron
requirements, and chronic blood loss is common causes of iron deficiency (ID). ID is currently the
most common micronutrient deficiencies worldwide, and a World Health Organization (WHO) survey
in 2008 revealed that globally, approximately 293 million (47.4% prevalence) preschool-age children
and approximately 56 million (41.8% prevalence) pregnant women suffer from anemia, among which
approximately 50% cases are attributable to ID [6]. ID is undoubtedly the major cause of most anemia
cases, although other minerals or vitamins can also be responsible for this pathology. Prolonged ID
often leads to iron deficiency anemia (IDA) [7]. The American Academy of Pediatrics determined
that IDA adversely affects an infant’s social and emotional behavior development and cognitive
performance [8]. Approximately 25% of infants in developing countries have IDA, and IDA during
pregnancy increases the risk of preterm delivery and adverse perinatal outcomes, such as maternal
hemorrhage, sepsis, low birth weight, and possibly poor neonatal health [9–11].

Recent studies have indicated that iron content in breast milk is low [12–14], and prolonged use of
breast milk as the main food in infants might increase the risk of ID and IDA [15]. In Taiwan, the Ministry
of Health and Welfare promotes the benefits of breastfeeding for a long period. Although Tsai et al.
reported that IDA was associated with prolonged, predominant breastfeeding, the study sample size
was small, and no relevant risk factors were evaluated [16]. The purpose of the present study was to
investigate the iron status of infants in their first year of life and analyze the relevant influencing factors.

2. Participants and Methods

2.1. Study Subjects

A cross-sectional study was conducted in three hospitals, namely, Shin Kong Wu Ho-Su Memorial
Hospital, Taipei Medical University Hospital, and Shuang Ho Hospital, from October 2012 to
January 2014. Overall, 2804 healthy infants aged 1–12 months who came to the well-baby clinic
for routine vaccination were screened for eligibility. The inclusion criteria for infants and mothers
enrolled were as follows: No systemic diseases (toxemia, hypertension, diabetes mellitus, and heart
disease) during pregnancy, age below one year, healthy and without any disease, as determined by a
pediatrician. Infants with premature birth, congenital diseases (such as heart, lung, liver, and intestinal
diseases), growth disorders, diagnosis of gastrointestinal disorders (nausea, vomiting, pain, flatulence,
diarrhea, and malabsorption), and thalassemia were excluded.
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The Ethics Committee of Shin Kong Wu Ho-Su Memorial Hospital and Taipei Medical University
approved this study in accordance with the International Ethical Guidelines for Biomedical Research
Involving Human Subjects and ethical principles of the Declaration of Helsinki (20120901R and
201308004). Written informed consent was obtained from all participants or legal representatives
before the study procedures were performed.

2.2. Basic Characteristics and Dietary Iron Intake Assessment

The contents of the questionnaire were validated by experts, including the infant’s basic
information, such as gestational weeks, chronological age, birth weight, birth length; anthropometrics,
such as body length, body weight, and head circumference; and dietary intake. Gestational weeks,
chronological age, birth weight, and birth length were recorded per the medical chart. Body length
and body weight were measured using an infantometer and weighing scales. The head circumference
was measured by applying a plastic tape around the forehead (above the eyebrows) and the occipital
protuberance. These measurements were converted to percentiles according to the growth charts
for Taiwanese children released by the Ministry of Health and Welfare. The diet was assessed using
a semi-quantitative frequency method, and the included food items were tofu, chicken, pork, beef,
fish, egg yolk, viscera, vegetables, rice, wheat, baby rice cereal, baby wheat cereal, formula milk,
juice, and puree. Complementary food and formula milk intakes were quantified based on standard
bowls, spoons, and feeding bottles. Iron intake from the complementary food was calculated using the
Nutritional Chamberlain Line, Nutritionist Edition, version 2002 (E-Kitchen Business Corp, Taiwan).
Iron intake from formula milk and baby cereal was calculated according to their nutrient labels.
Iron content in breast milk was obtained through actual measurement. Breast milk intake was obtained
from mothers’ reports. If the mothers were directly breastfeeding their infants, the total volume of
breast milk intake was assessed according to the report of Lyu et al. [17]. Pre-pregnancy body weight
(kg), gestational weight gain (kg), current weight, and education level were obtained from self-reported
data. Current body weight (kg) and height (cm) were measured using an electronic health scale
(Tanita corp., Tokyo, Japan). Complete blood count of the mothers, including Hb level, hematocrit
(Hct) level, and mean corpuscular volume (MCV) before delivery at 37–40 weeks pregnancy were
recorded according to the medical charts.

2.3. Breast Milk and Blood Collection

Breast milk from the mothers’ unelated breast was collected using an electric milking machine
(Lactina, Medela, Switzerland) for 20 min, which was then mixed, dispensed, and ice-cooled at −80 ◦C
until analysis. Blood samples (4 mL) of infants were collected through an arterial puncture of one arm
into vacutainers with and without anticoagulant ethylenediaminetetra-acetic acid (EDTA) by a trained
technician. Serum was collected after centrifugation at 1400× g for 10 min at 4 ◦C and immediately
sent to Central Laboratory, Shin-Kong Wu Ho-Su Memorial Hospital, for analysis.

2.4. Biochemical Analyses

Complete blood count was determined using an automatic blood cell analyzer (Biotecnica
Instruments SpA, Roma, Italy). Ferritin was detected using a chemiluminescent immunoassay (Roche
Diagnostics, Lewes, UK). Serum iron was analyzed using the ferrozine method (Siemens Healthcare,
Marburg, Germany). Total iron binding capacity (TIBC) is the ability of transferrin to bind with iron
that was measured by chemistry analyzer using dedicated reagents (Siemens Healthcare, Marburg,
Germany). Transferrin saturation (TS, %) represents the percentage of transferrin bound to iron ions,
calculated by dividing serum iron concentration by TIBC and multiplying the result by 100.
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2.5. Breast Milk Iron Content Analysis

Aliquots of 0.5 mL of the mixed breast milk sample was added to 1.5 mL of 70% nitric acid
and 0.5 mL of 30% hydrogen peroxide, separately. After mixing and allowing the samples resting
for one night, the mixture was digested in a 50 mL polypropylene digestion bottle at 95 ◦C for 1 h.
After cooling at room temperature, the digested sample was diluted using 50 mL of deionized water.
Subsequently, 1 mL of the dilution was pipetted into a 15 mL centrifuge tube and diluted with 10 mL
of 2% aqueous nitric acid solution to detect the iron content by using inductively coupled plasma mass
spectrometry (ICP-MS) (ThermoFisher Scientific, Bremen, Germany) [18]. The iron content in breast
milk was calculated using a standard curve constructed using pure iron standards for ICP-MS (Merck,
Darmstadt, Germany); with an R value of ≥0.99, coefficient of variation (CV) at 2%, and a recovery rate
of 80–120%.

2.6. Statistical Analysis

The WHO defines ID as a serum ferritin level less than 15.0 ng/mL and IDA as serum ferritin
level less than 15.0 ng/mL and Hb less than 10.5 g/dL. We divided the subjects into three groups
according to the WHO definitions: The normal, ID, and IDA groups. All data were confirmed to have
a normal distribution by using the Kolmogorov–Smirnov test. Data are presented as means ± standard
deviations (SDs), median (interquartile range), or percentage. Intergroup differences were determined
using one-way ANOVA, followed by the Scheffé method for post hoc test or nonparametric statistics.
Pearson’s chi-squared test was used to assess categorical variables. The correlation between Hb and
dietary iron intake was determined using the Pearson correlation test. The association between feeding
types and anemia was determined using multivariable logistic regression. All data analyses were
performed using SPSS (version 19; SPSS Inc., Chicago, IL, USA). Differences were considered significant
at p < 0.05.

3. Results

3.1. Participant Characteristics and Infant Anemia Diagnosis

A total of 1368 infants were eligible for this study. However, 779 mothers did not provide consent
to extract their infants’ blood, and therefore, the 589 subjects were ultimately enrolled in this study.
However, blood draws were unsuccessful in 39 infants. Thus, a total of 550 cases were included for
data analysis. Because no introduction of complementary food to infants over six months of age
was considered as abnormal feeding, four infants aged eight months and two aged 12 months were
excluded accordingly. In addition, 35 infants with a WBC count of >0.000/mm3, suspected of infection,
were excluded. Data on the iron status analysis of 509 infants are presented in Figure 1.

Anemia was defined according to the WHO criteria, and 49 (10%) and 21 infants (4%) were
diagnosed with ID and IDA, respectively, by the physician (Table 1). No statistically significant
intergroup differences were noted in terms of sex gestational age, birthweight, body length, body
weight, and head circumference of infants. The formula-fed type (52.8%) was the predominant
population in the healthy group. The breastfed infants had a significantly higher prevalence of ID
(65.3%) and IDA (85.7%) than the mixed-fed and formula-fed infants (p < 0.001). No significant
intergroup differences were observed in terms of the mother’s age, body mass index (BMI), gestational
weight gain, and education.
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Figure 1. Flowchart of the enrolment of infants.

Table 1. Demographic characteristics of subjects diagnosed with iron deficiency (ID) or iron deficiency
anemia (IDA) in the first year of life a.

Characteristics Normal
N = 439

ID b

N = 49
IDA

N = 21 p Value

Infant
Number (%) 439 (86) 49 (10) 21 (4)

Male (%) 236 (53.8) 24 (49.0) 12 (57.1) 0.546
Gestational age 38.4 ± 1.5 38.2 ± 1.6 38.2 ± 1.4 0.673

Chronological age 5.9 ± 4.3 9.9 ± 3.6 9.6 ± 3.4 <0.001 *
Birth weight (kg) 3.0 ± 0.5 3.0 ± 0.6 3.0 ± 0.5 0.919

Body length (percentile) 52.9 ± 30.9 55.8 ± 31.4 37.9 ± 31.3 0.118
Body weight (percentile) 51.2 ± 28.3 51.3 ± 30.0 43.9 ± 30.4 0.568

Head circumference (percentile) 56.4 ± 30.2 50.1 ± 31.2 51.9 ± 20.3 0.424

Feeding type c

Breast-fed (%) 127 (28.9) 32 (65.3) 18 (85.7) <0.001 *
Mix-fed (%) 80 (18.2) 6 (12.2) 2 (9.5)

Formula-fed (%) 232 (52.8) 11 (22.4) 1 (4.8)

Mother
Age (year) 32.6 ± 4.2 32.1 ± 3.6 32.4 ± 4.7 0.791

BMI (kg/m2) 21.3 ± 3.7 20.8 ± 5.5 20.7 ± 3.8 0.654
Gestational weight gain (kg) 14.3 ± 7.9 16.3 ± 11.9 11.6 ± 5.5 0.125

Education (year) 14.6 ± 2.3 15.0 ± 2.3 15.2 ± 2.0 0.382
a Values are expressed as mean ± SD or n (%); b According to definitions by the World Health Organization,
iron deficiency (ID): Serum ferritin < 15.0 ng/mL, iron deficiency anemia (IDA): Serum ferritin < 15.0 ng/mL and
hemoglobin < 10.5 g/dL.; c Definition of feeding type: Breast-fed means that the dairy products in the infant’s diet
are all breast milk; Mix-fed means that the dairy products in the infant’s diet include breast milk and formula milk;
Formula-fed refers to the dairy products in the infant’s diet only formula milk. * Differences between groups were
tested using one-way ANOVA, followed by the Scheffé method for a post hoc or Chi-square test; p < 0.05 was
considered statistically significant.
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3.2. Analysis of Iron Status

The iron status of the infants and mothers before delivery are presented in Table 2.
Biochemical parameters, ferritin, and TS were significantly low in ID and IDA groups. Although the
mothers of infants with IDA had a slightly lower Hb level before delivery, no statistical difference
was observed.

Table 2. Hematologic data of subjects a.

Classification Normal
N = 439

ID b

N = 49
IDA

N = 21 p Value c

Infant
Hb (g/L) 11.4 ± 1.3 a 11.6 ± 0.7 a 9.2 ± 1.4 b <0.001

Ferritin (ng/mL) 55.0 (98.4) a 10.2 (5.7) b 5.2 (5.7) b <0.001
TS (%) 22.5 ± 11.3 a 11.5 ± 5.5 bc 7.0 ± 4.5 c <0.001

Maternal (before
delivery)
Hb (g/L) 12.0 ± 1.9 12.1 ± 1.4 11.3 ± 1.4 0.361
Hct (%) 36.2 ± 4.6 36.6 ± 3.2 34.5 ± 3.7 0.333

MCV (fl) 86.8 ± 8.2 87.1 ± 8.4 86.7 ± 8.1 0.584
a Data are presented as mean ± SD or median (interquartile range); b ID, iron deficiency; IDA, iron deficiency
anemia; Hb, hemoglobin; TS, transferrin saturation; Hct, hematocrit; MCV, mean corpuscular volume; c Means in
the column with different superscripts indicate a significant difference (p < 0.05), tested using one-way ANOVA,
followed by the Scheffé method for post hoc test or the Kruskal–Wallis test.

3.3. Iron Intake of Infants

The total iron intake was calculated as the sum of the iron contents in milk and complementary
food, as presented in Table 3. Because complementary food was introduced in only 17 infants, and most
of the complementary foods were cereals and fruit purees for infants aged 4–6 months, data of the
iron intake from complementary food are not shown. During ages 1–6 months, the daily iron intake
from milk in the normal, ID, and IDA groups were 3.43, 0.13, and 0.13 mg, respectively. Moreover,
the normal group had a higher total iron intake (3.49 mg daily) than the ID (0.13 mg daily) and IDA
(0.13 mg daily) groups at ages 1–6 months. The low total iron intake in infants of the ID and IDA
groups could be attributed to exclusive breastfeeding, and both ID and IDA were observed in infants
aged 4–6 months.

Table 3. Iron intake of infants aged 1–6 months and 7–12 months a.

Parameters Normal ID b IDA p Value

1–6 months
Number (%) 307 (93.6) 12 (3.7) 9 (2.7)

Chronological age 3.4 ± 1.8 5.0 ± 1.2 4.8 ± 1.1 0.007 *
Breastfeed (%) 174 (56.7) 12(100) 9 (100) 0.001 *

Iron intake from milk (mg/day) c 3.43 (6.62) 0.13 (0.03) 0.13 (0.17) 0.003 *
Total iron intake (mg/day) d 3.49 (6.81) 0.13(0.18) 0.13(0.17) 0.007 *

7–12 months
Number (%) 132 (73.0) 37 (20.4) 12 (6.6)

Chronological age 11.3 ± 2.9 11.2 ± 2.9 11.3 ± 2.0 0.976
Breastfeed (%) 21 (15.9) 26 (70.3) 11 (91.7) <0.001 *

Iron intake from milk (mg/day) c 5.04 (3.92) 0.14 (2.01) 0.14 (0.01) <0.001 *
Iron intake from complementary food (mg/day) 1.04 (1.00) 1.29 (2.00) 1.20 (2.00) 0.840

Total iron intake (mg/day) 6.47 (4.35) 2.28 (3.02) 1.33 (0.98) <0.001 *
a Data are presented as median (interquartile range); b ID, iron deficiency; IDA, iron deficiency anemia; c Iron intake
from milk was the sum of iron intake from formula milk and breast milk.; d Total iron intake was the sum of iron
intake from milk and complementary food; * Intergroup differences were tested using the Kruskal–Wallis test or chi
square test; p < 0.05 was considered statistically significant.
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The normal group had the highest iron intake from milk (5.04 mg daily), whereas, the ID and IDA
groups had a low iron intake from milk. This could be attributed to the continuous breastfeeding of the
infants in the ID and IDA groups. No intergroup differences were noted in terms of the iron intake from
complementary food. Therefore, milk was the major source of iron intake in infants aged 7–12 months.
Furthermore, we determined that the prevalence of ID and IDA in infants aged 7–12 months was 20.4%
and 6.6%, respectively, which was significantly higher than 3.7% and 2.7%, respectively, in infants
aged 1–6 months. Our results revealed that infants with ID or IDA before six months were all in aged
4–6 months and breastfed. The medium iron intake in infants aged 4–6 months in the normal, ID and
IDA groups were 5.13 mg (6.54), 0.13 mg (0.18), and 0.13 mg (0.29), respectively. In aged 7–12 months,
infants with IDA had the highest breastfeeding rate, followed by those with ID.

Iron is essential for hematopoiesis. We observed that the total dietary iron intake was positively
correlated with Hb (r = 0.292, p < 0.001) (Figure 2A). We further divided the data into the following
two subgroups: One to six months (Figure 2B) and 7–12 months (Figure 2C). The data revealed that the
correlation between total dietary iron intake and Hb in infants aged 7–12 months was higher than in
those aged 1–6 months (r = 0.390, p < 0.001 vs. r = 0.130, p = 0.028).
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3.4. Association between Feeding Type and Iron Status

Logistic regression models were employed to identify predictors of ID and IDA. Our data revealed
that feeding type was a major indicator in predicting anemia (Table 4). In model 1, no covariates were
adjusted, and in model 2, gestational week, birthweight, sex, body weight percentile, body length
percentile, and age of infants were adjusted. In model 3, in addition to the aforementioned variables for
infants, mothers’ BMI, gestational weight gain, education level, and Hb concentration before delivery
were also adjusted. Compared with formula-fed infants, breastfed infants had a higher odds ratio (OR)
for ID (OR: 2.715; 95% CI: 1.830–4.030) and IDA (OR: 4.338; 95% CI: 2.108–8.927) in model 1 (p < 0.001).
Furthermore, ORs for ID and IDA significantly differed after adjustment for variables in models 2 and 3.

Table 4. Association between feeding type and iron status.

Variables β SE a OR 95% CI p Value

Model 1 b

ID 0.999 0.201 2.715 1.830–4.030 <0.001 *
IDA 1.467 0.368 4.338 2.108–8.927 <0.001 *

Model 2
ID 0.984 0.201 2.674 1.803–3.966 <0.001 *

IDA 1.361 0.369 3.901 1.893–8.042 <0.001 *

Model 3
ID 0.769 0.232 2.157 1.369–3.399 0.001 *

IDA 1.434 0.437 4.196 1.780–9.887 0.001 *
a SE, standard error of mean; OR, odds ratio; 95% CI, 95% confidence interval; b Model 1: Not adjusted; Model 2:
Adjusted for gestational week, birthweight, sex, body weight percentile, body length percentile, age; Model 3:
Adjusted for gestational week, birthweight, sex, body weight percentile, body length percentile, age of infants, as
well as mothers’ BMI, gestational weight gain, education level, and hemoglobin level before delivery; * p < 0.05.
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4. Discussion

The period of infancy constitutes a critical window of growth and brain development, and thus,
micronutrient deficiencies during this period may have adverse effects on neurocognitive functions.
Iron deficiency is the most prevalent nutritional deficiency among infants in developing countries.
Women of childbearing age are at risk of iron deficiency because of poor iron content in the diet,
increased demand for iron during pregnancy, and iron loss during menstruation and childbirth.
In addition, breastfed infants are vulnerable to developing ID because of rapid growth, depletion of
their iron endowment, and low iron content in breast milk and in some complementary foods. In our
study, among the 509 mother–infant dyads who submitted complete data, 3.7% and 2.7% of the infants
aged below six months had ID and IDA, respectively. However, in infants aged above six months,
the prevalence of ID and IDA rapidly increased to 20.4% and 6.6%, respectively. Analysis of the
maternal hematologic data revealed that anemia was not detected in the mothers during the routine
prenatal examination. The basic characteristics of all infants (Normal, ID, IDA) were similar except for
the chronological age and feeding type.

The prevalence of ID and IDA varies greatly among countries worldwide. In India, the prevalence
of ID in infants aged 3, 4, and 5 months was 5.4%, 21.4%, and 36.4%, respectively, whereas, that of IDA
was 4.6%, 16.7%, and 11.4%, respectively [19]. In Turkey, Germany, and Brazil, the prevalence of ID
in infants aged four months were 19.8%, 6%, and 5.7%, the prevalence of IDA in those infants were
9.5%, 0%, and 3.4%, respectively [20–22]. The prevalence of ID and IDA in infants before six months of
age in our study was concordant with that observed in Germany and Brazil. In Spain, the prevalence
of ID and IDA was 9.6% and 4.3%, respectively, in 12-month-old infants [23]. The prevalence of ID
was 14.0%, and that of IDA was 9.4% in infants aged 9–12 months in Estonia [24]. In Saudi Arabia,
out of the 274 infants aged 6–24 months studied, 126 (51%) were diagnosed as having IDA [25].
Among 619 Korean infants aged 8–15 months old, ID and IDA were diagnosed in 174 (28.1%) and
87 infants (14.0%), respectively [26]. The prevalence of ID and IDA in two cohorts of infants aged nine
months old in China was 2.8% and 20.7% and 12.0% and 31.2%, respectively [27]. The prevalence of ID
and IDA in infants above six months of age in our study was concordant with that observed in China
and Korea.

Breast milk is considered the best food for infants, because it is highly nutritious for infant growth
and contains maternal antibodies that provide defense against pathogens. A recent study indicated
that human breast milk has very little iron (0.5 mg/L at one month and 0.29 mg/L at 3–5 months) [28].
Our data revealed that the average iron content of breast milk from the mothers of the infants was
0.21 ± 0.06 mg/L. Although iron in human breast milk has higher bioavailability, it may not be sufficient
for infants. Therefore, infants’ body iron stores meet most requirements for breast-fed infants during
the first six months of life. A study concluded that a normal, healthy, full-term infant has sufficient
amounts of iron until approximately 4–6 months of age [29]. Our results revealed that the prevalence
of ID and IDA in infants aged 1–6 months was 3.7% and 2.7%, respectively, and these infants were
all in aged 4–6 month and breastfed. Hence, breastfeeding for more than four months can slightly
increase the risk of ID and IDA with lower iron stores.

Studies have indicated that the risk factors for the development of ID included small-for-gestational-
age, infants below 10th percentile weight for gestation, infants of diabetic mothers, very-low-birth
weight preterm neonates (VLBW, <1500 g at birth) and infants with lower iron stores [30,31]. Therefore,
although the iron status of our subjects seems to be more related to iron intake, studies have shown
the smoking, obesity, and childbirth by caesarean section also affected the iron status of infants [32].
These factors were not considered in the present study. In the absence of inflammation, serum ferritin
measurement is the most specific test to determine total iron content stored in the body. Our data
revealed that infants in ID and IDA groups with lower serum ferritin levels reflected depleted iron
stores. Another indicator of iron deficiency was TS. In cases of iron deficiency, serum iron is reduced,
and TIBC is increased, resulting in a substantial reduction in TS. A threshold of 16% is generally used
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to screen for iron deficiency. Our data revealed that subjects with ID and IDA had a TS below the
threshold and TS in IDA group was lower than that in ID group.

Another possible reason causing iron depletion in infants below six months of age could be
maternal iron deficiency during pregnancy, which results in offspring with inadequate iron storage
in the body. Some studies have found little or no correlation between maternal and neonatal iron
status, whereas, others have suggested that the fetus was vulnerable to maternal ID [33,34]. Mothers of
IDA infants had lower Hb level, although there were no statistical differences. We further analyzed
the correction between infants Hb level and mothers Hb level, and the results were not correlated.
Although the mother’s iron nutrition status during pregnancy may affect the child’s iron nutrition
status, our results revealed that feeding still mainly affects the infant’s iron nutrition status. In addition,
the timing of umbilical cord clamping affects iron stores in the newborn. A study indicated that delay
in cord clamping increases the red blood cell volume and iron stores in infants [35]. Hence, cord
clamping could be a feasible solution to improve the iron status of infants.

The WHO recommends exclusive breastfeeding of infants for the first six months of life. Thereafter,
infants should receive complementary foods with continued breastfeeding up to two years of age or
above. Taiwan’s health policy also follows this recommendation. In this study, among 328 infants
below six months of age, only 17 were introduced to complementary food. Most of these foods were
cereals or fruit juices that had low iron content. Thus, in addition to prenatal storage, formula milk
contributed more iron to the infants below six months of age. Although human milk has a high
bioavailability of iron, the iron content was so low that exclusive breastfeeding increased the risk
of ID and IDA. We determined that the total iron intake was positively correlated with Hb level in
infants below six months of age, thereby indicating that although prenatal storage was crucial to
maintain iron status, additional dietary iron intake can improve the Hb levels and prevent ID and IDA,
especially in infants aged 4–6 months. Evidence from randomized control trials suggests that the rate
of IDA in breastfed infants could be positively altered by the introduction of solids at four months of
age [36]. The American Academy of Pediatrics recommends that exclusively breastfed, full-term infants
receive 1 mg/kg of iron supplements per day from the age of four months [37]. Taiwan’s maternal
and child policy particularly emphasizes the benefits of breastfeeding. The exclusive breastfeeding
rate for infants at six months in Taiwan increased from 20.1% in 2004 to 50.2% in 2011 [38]. Therefore,
introducing complementary food early or providing iron supplementation is imperative for infants
aged 4–6 months who are exclusively breastfed.

Although infants aged 7–12 months were provided complementary foods, the iron intake from
complementary foods was not different among the normal, ID, and IDA groups. Notably, milk was
the major source of iron. Upon further analysis of data, we observed that up to 70% of infants with
ID and 90% of infants with IDA were still breastfed. This result indicated that infants who are still
breastfed for more than six months do not obtain adequate iron from breast milk. This suggests that
mothers who still breastfeed after six months could provide high-quality iron-rich foods to reduce the
prevalence of ID and IDA.

When we reported the iron status of infants to their mothers, most of the mothers presented their
infants had good growth and not aware of the insufficient iron intake and that it increased the risk
of ID or IDA. Conversely, infants who used commercial formulas instead of breast milk had better
iron status because most commercial formulas are iron-fortified. Future health policies should educate
mothers to prepare high-quality iron-rich foods or provide iron supplementation for breastfed infants.

The maximum iron requirement for infants aged 4–12 months is approximately 1 mg/kg or
10 mg/day. The average full-term infant requires 8 mg of iron daily from approximately six months
of age [39]. Our data demonstrated that the median iron intake of infants aged 1–6 months was
3.49 mg/day, and the median iron intake of infants aged 7–12 months was 6.47 mg/day, which could
reach the normal iron nutritional status. Infants with IDA had normal growth and no obvious
symptoms except for pallor were observed, and no infants were suspected of having anemia by
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caregivers. Therefore, the presentation of iron deficiency is subtle and can be detected accurately only
by medical personnel.

Although our results determined that breastfeeding was associated with an increased the
prevalence of ID and/or IDA, the advantages of breast milk are recognized and unquestionable. Thus,
more attention should be paid to the problem of iron deficiency in infants, and strategies should
be proposed, including improving maternal iron status, introducing high-quality complementary
food early, and even providing iron supplement to breastfed infants. The Pediatrics Association
of Taiwan revised the guidelines for breastfed infants in 2016. The content includes the following:
(1) Encourage full-term infants to start breastfeeding as soon as possible after birth, (2) Continue to
breastfeed until one year of age. After one year of age, the mother may continue to breastfeed the
infants, (3) Breastfed infants should be started on complementary foods at 4–6 months of age. If no
complementary foods are added after four months, oral iron supplementation should be started at
1 mg/kg/day. Iron deficiency affects the development of cognition, nerves, and behavior, some of which
are long-term and irreversible [40]. In this study, all infants with ID and IDA improved iron status and
anemia after medical iron supplementation and regular checkups by pediatricians.

The strength of the present work is that it is the first to look at the association between breastfeeding
and ID and IDA during infancy in Taiwan. The results can be used as a reference for nutrition
policymakers. However, the study had some limitations. First, this was a cross-sectional study that
was unable to clarify the effects of longitudinal nutritional status on the development of ID and IDA.
Second, the sample size was relatively small, and all participants lived in northern Taiwan, which might
limit the generalizability of the results. Therefore, additional large-sample, multicenter studies are
required. Third, we only prioritized examining several clinical iron markers that are more likely related
to iron status. Fourth, the lack of information regarding the initiation of complementary feeding,
that could significantly impact iron status in infants. Nevertheless, further studies are warranted,
including those for following up infants with iron deficiency in the first year to analyze whether it
affects their cognition function and growth, as well as whether early introduction of high-quality
iron-rich complementary foods can improve the iron status of infants.

5. Conclusions

Our data revealed that exclusive breastfeeding increases the prevalence of ID and IDA in infants
aged 4–6 months, and prolonged breastfeed above six months can significantly increase the prevalence
of ID and IDA. Although iron in breast milk has good bioavailability, its low iron content results
in insufficient iron intake in infants and increases the risk of anemia. Hence, health policies should
encourage the early introduction of iron-rich complementary foods and educate mothers to prepare
high-quality complementary foods to reduce the risk of anemia, especially in infants above six months.
In addition, if no complementary foods are added after four months, oral iron supplementation should
be started in breastfeeding infants.

Author Contributions: Conceptualization, S.-C.L. and C.-M.C.; methodology: All; data curation: S.-C.M., Y.-L.C.,
L.-Y.T., Y.-T.K., I.-M.C. and Y.-C.C.; validation: S.-C.M., C.-K.S. and M.-L.C.; drafting of the manuscript: S.-C.L.;
critical revision of the manuscript: C.-M.C. and S.-C.M.; final approval of the version to be published: S.-C.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Ministry of Health and Welfare (DOH101-HP-4204 and
DOH102-HP-4203).

Acknowledgments: We thank the participants and the medical staff for their participation. This manuscript was
edited by Wallace Academic Editing.

Conflicts of Interest: The authors have no conflicts of interest to declare.



Nutrients 2020, 12, 139 11 of 12

References

1. Lessen, R.; Kavanagh, K. Position of the Academy of Nutrition and Dietetics: Promoting and Supporting
Breastfeeding. J. Acad. Nutr. Diet. 2015, 115, 444–449. [CrossRef] [PubMed]

2. Fewtrell, M.; Wilson, D.C.; Booth, I.; Lucas, A. Six months of exclusive breast feeding: How good is the
evidence? BMJ 2011, 342, c5955. [CrossRef] [PubMed]

3. Monajemzadeh, S.; Zarkesh, M. Iron deficiency anemia in infants aged 12-15 months in Ahwaz, Iran. Indian J.
Pathol. Microbiol. 2009, 52, 182–184. [CrossRef]

4. Özdemir, N. Iron deficiency anemia from diagnosis to treatment in children. Turk Pediatri Ars. 2015, 50,
11–19. [CrossRef]

5. Qasem, W.A.; Friel, J.K. An Overview of Iron in Term Breast-Fed Infants. Clin. Med. Insights Pediatr. 2015, 9,
79–84. [CrossRef]

6. McLean, E.; Cogswell, M.; Egli, I.; Wojdyla, D.; de Benoist, B. Worldwide prevalence of anaemia, WHO
Vitamin and Mineral Nutrition Information System, 1993–2005. Public Health Nutr. 2009, 12, 444–454.
[CrossRef]

7. Steinbicker, A.U.; Muckenthaler, M.U. Out of Balance—Systemic Iron Homeostasis in Iron-Related Disorders.
Nutrients 2013, 5, 3034–3061. [CrossRef]

8. Lozoff, B.; Smith, J.B.; Clark, K.M.; Perales, C.G.; Rivera, F.; Castillo, M. Home intervention improves cognitive
and social-emotional scores in iron-deficient anemic infants. Pediatrics 2010, 126, e884–e894. [CrossRef]

9. Allen, L.H. Anemia and iron deficiency: Effects on pregnancy outcome. Am. J. Clin. Nutr. 2000, 71,
1280S–1284S. [CrossRef] [PubMed]

10. Grant, C.C.; Wall, C.R.; Brewster, D.; Nicholson, R.; Whitehall, J.; Super, L.; Pitcher, L. Policy statement on
iron deficiency in pre-school-aged children. J. Paediatr. Child Health 2007, 43, 513–521. [CrossRef] [PubMed]

11. Cao, C.; O’brien, K.O. Pregnancy and iron homeostasis: An update. Nutr. Rev. 2013, 71, 35–51. [CrossRef]
[PubMed]

12. Ejezie, F.; Nwagha, U.; Ikekpeazu, E.; Ozoemena, O.; Onwusi, E. Assessment of iron content of breast milk in
preterm and term mothers in enugu urban. Ann. Med. Health Sci. Res. 2011, 1, 85–90. [PubMed]

13. Friel, J.; Qasem, W.; Cai, C. Iron and the Breastfed Infant. Antioxidants 2018, 7, 54. [CrossRef] [PubMed]
14. Erick, M. Breast milk is conditionally perfect. Med. Hypotheses 2018, 111, 82–89. [CrossRef]
15. Wang, F.; Liu, H.; Wan, Y.; Li, J.; Chen, Y.; Zheng, J.; Huang, T.; Li, D. Prolonged Exclusive Breastfeeding

Duration Is Positively Associated with Risk of Anemia in Infants Aged 12 Months. J. Nutr. 2016, 146,
1707–1713. [CrossRef]

16. Tsai, S.-F.; Chen, S.-J.; Yen, H.-J.; Hung, G.-Y.; Tsao, P.-C.; Jeng, M.-J.; Lee, Y.-S.; Soong, W.-J.; Tang, R.-B.
Iron Deficiency Anemia in Predominantly Breastfed Young Children. Pediatr. Neonatol. 2014, 55, 466–469.
[CrossRef]

17. Lyu, L.C.; Lee, F.J.; Chen, H.Y.; Fang, L.J.; Chiang, H.J. Test-weighing and nutrient intakes of breast milk
feeding for Taiwanese infants from 1 to 12 months of age. Nutr. Sci. J. 2011, 3, 87–98.

18. Cheng, X.Z.; Jin, C.; Zhang, K.C. Determination of trace elements in waste beer yeasts by ICP-MS with
microwave digestion. Guang Pu Xue Yu Guang Pu Fen Xi = Guang Pu 2008, 28, 2421–2424.

19. Krishnaswamy, S.; Bhattarai, D.; Bharti, B.; Bhatia, P.; Das, R.; Bansal, D. Iron deficiency and iron deficiency
anemia in 3–5 months-old, Breastfed Healthy Infants. Indian J. Pediatr. 2017, 84, 505–508. [CrossRef]

20. Arvas, A.; Elgormus, Y.; Gur, E.; Alikasifoglu, M.; Celebi, A. Iron status in breast-fed full-term infants.
Turk. J. Pediatr. 2000, 42, 22–26.

21. Dube, K.; Schwartz, J.; Mueller, M.J.; Kalhoff, H.; Kersting, M. Iron intake and iron status in breastfed infants
during the first year of life. Clin. Nutr. 2010, 29, 773–778. [CrossRef] [PubMed]

22. Marques, R.F.; Taddei, J.A.; Lopez, F.A.; Braga, J.A. Breastfeeding exclusively and iron deficiency anemia
during the first 6 months of age. Rev. Assoc. Médica Bras. 2014, 60, 18–22. [CrossRef] [PubMed]

23. Trave, T.D.; Vélaz, L.D. Prevalence of iron deficiency in healthy 12-month-old infants. An. Esp. Pediatr. 2002,
57, 209–214.

24. Vendt, N.; Grünberg, H.; Leedo, S.; Tillmann, V.; Talvik, T. Prevalence and causes of iron deficiency anemias
in infants aged 9 to 12 months in Estonia. Medicina 2007, 43, 947. [CrossRef]

http://dx.doi.org/10.1016/j.jand.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25721389
http://dx.doi.org/10.1136/bmj.c5955
http://www.ncbi.nlm.nih.gov/pubmed/21233152
http://dx.doi.org/10.4103/0377-4929.48911
http://dx.doi.org/10.5152/tpa.2015.2337
http://dx.doi.org/10.4137/CMPed.S26572
http://dx.doi.org/10.1017/S1368980008002401
http://dx.doi.org/10.3390/nu5083034
http://dx.doi.org/10.1542/peds.2009-3535
http://dx.doi.org/10.1093/ajcn/71.5.1280s
http://www.ncbi.nlm.nih.gov/pubmed/10799402
http://dx.doi.org/10.1111/j.1440-1754.2007.01128.x
http://www.ncbi.nlm.nih.gov/pubmed/17635678
http://dx.doi.org/10.1111/j.1753-4887.2012.00550.x
http://www.ncbi.nlm.nih.gov/pubmed/23282250
http://www.ncbi.nlm.nih.gov/pubmed/23209959
http://dx.doi.org/10.3390/antiox7040054
http://www.ncbi.nlm.nih.gov/pubmed/29642400
http://dx.doi.org/10.1016/j.mehy.2017.12.020
http://dx.doi.org/10.3945/jn.116.232967
http://dx.doi.org/10.1016/j.pedneo.2014.02.005
http://dx.doi.org/10.1007/s12098-017-2330-4
http://dx.doi.org/10.1016/j.clnu.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20627488
http://dx.doi.org/10.1590/1806-9282.60.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24918847
http://dx.doi.org/10.3390/medicina43120123


Nutrients 2020, 12, 139 12 of 12

25. Al Hawsawi, Z.M.; Al-Rehali, S.A.; Mahros, A.M.; Al-Sisi, A.M.; Al-Harbi, K.D.; Yousef, A.M. High prevalence
of iron deficiency anemia in infants attending a well-baby clinic in northwestern Saudi Arabia. Saudi Med. J.
2015, 36, 1067–1070. [CrossRef]

26. Hong, J.; Chang, J.Y.; Shin, S.; Oh, S. Breastfeeding and Red Meat Intake Are Associated with Iron Status in
Healthy Korean Weaning-age Infants. J. Korean Med Sci. 2017, 32, 974–984. [CrossRef]

27. Clark, K.M.; Li, M.; Zhu, B.; Liang, F.; Shao, J.; Zhang, Y.; Ji, C.; Zhao, Z.; Kaciroti, N.; Lozoff, B. Breastfeeding,
mixed, or formula feeding at 9 months of age and the prevalence of iron deficiency and iron deficiency
anemia in two cohorts of infants in China. J. Pediatr. 2017, 181, 56–61. [CrossRef]

28. Cai, C.; Harding, S.; Friel, J. Breast milk iron concentrations may be lower than previously reported:
Implications for exclusively breastfed infants. Matern. Pediatr. Nutr. 2015, 2, 2.

29. Domellof, M.; Braegger, C.; Campoy, C.; Colomb, V.; Decsi, T.; Fewtrell, M.; Hojsak, I.; Mihatsch, W.;
Molgaard, C.; Shamir, R.; et al. Iron requirements of infants and toddlers. J. Pediatr. Gastroenterol. Nutr. 2014,
58, 119–129. [CrossRef]

30. Mukhopadhyay, K.; Yadav, R.K.; Kishore, S.S.; Garewal, G.; Jain, V.; Narang, A. Iron status at birth and at 4
weeks in term small-for-gestation infants in comparison with appropriate-for-gestation infants. J. Matern.-Fetal
Neonatal Med. 2011, 24, 886–890. [CrossRef]

31. Rao, R.; Georgieff, M.K. Iron therapy for preterm infants. Clin. Perinatol. 2009, 36, 27–42. [CrossRef]
[PubMed]

32. McCarthy, E.K.; Kenny, L.C.; Hourihane, J.O.B.; Irvine, A.D.; Murray, D.M.; Kiely, M.E. Impact of maternal,
antenatal and birth-associated factors on iron stores at birth: Data from a prospective maternal–infant birth
cohort. Eur. J. Clin. Nutr. 2017, 71, 782. [CrossRef] [PubMed]

33. Ervasti, M.; Sankilampi, U.; Heinonen, S.; Punnonen, K. Early signs of maternal iron deficiency do not
influence the iron status of the newborn, but are associated with higher infant birthweight. Acta Obs.
Gynecol. Scand. 2009, 88, 83–90. [CrossRef] [PubMed]

34. Sweet, D.G.; Savage, G.; Tubman, T.R.; Lappin, T.R.; Halliday, H.L. Study of maternal influences on fetal iron
status at term using cord blood transferrin receptors. Arch. Dis. Child. Fetal Neonatal. Ed. 2001, 84, F40–F43.
[CrossRef]

35. Chaparro, C.M.; Neufeld, L.M.; Tena Alavez, G.; Eguia-Liz Cedillo, R.; Dewey, K.G. Effect of timing of
umbilical cord clamping on iron status in Mexican infants: A randomised controlled trial. Lancet 2006, 367,
1997–2004. [CrossRef]

36. Qasem, W.; Fenton, T.; Friel, J. Age of introduction of first complementary feeding for infants: A systematic
review. BMC Pediatr. 2015, 15, 107. [CrossRef]

37. Baker, R.D.; Greer, F.R. Diagnosis and prevention of iron deficiency and iron-deficiency anemia in infants
and young children (0–3 years of age). Pediatrics 2010, 126, 1040–1050. [CrossRef]

38. Chiou, S.-T.; Chen, L.-C.; Yeh, H.; Wu, S.-R.; Chien, L.-Y. Early Skin-to-Skin Contact, Rooming-in,
and Breastfeeding: A Comparison of the 2004 and 2011 National Surveys in Taiwan. Birth 2014, 41,
33–38. [CrossRef]

39. Schulman, I. Iron Requirements in Infancy. JAMA J. Am. Med. Assoc. 1961, 175, 118–123. [CrossRef]
40. Carter, R.C.; Jacobson, J.L.; Burden, M.J.; Armony-Sivan, R.; Dodge, N.C.; Angelilli, M.L.; Lozoff, B.;

Jacobson, S.W. Iron deficiency anemia and cognitive function in infancy. Pediatrics 2010, 126, e427–e434.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.15537/smj.2015.9.11844
http://dx.doi.org/10.3346/jkms.2017.32.6.974
http://dx.doi.org/10.1016/j.jpeds.2016.10.041
http://dx.doi.org/10.1097/MPG.0000000000000206
http://dx.doi.org/10.3109/14767058.2010.536866
http://dx.doi.org/10.1016/j.clp.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/19161863
http://dx.doi.org/10.1038/ejcn.2016.255
http://www.ncbi.nlm.nih.gov/pubmed/28000692
http://dx.doi.org/10.1080/00016340802595993
http://www.ncbi.nlm.nih.gov/pubmed/19140045
http://dx.doi.org/10.1136/fn.84.1.F40
http://dx.doi.org/10.1016/S0140-6736(06)68889-2
http://dx.doi.org/10.1186/s12887-015-0409-5
http://dx.doi.org/10.1542/peds.2010-2576
http://dx.doi.org/10.1111/birt.12090
http://dx.doi.org/10.1001/jama.1961.63040020019006d
http://dx.doi.org/10.1542/peds.2009-2097
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Participants and Methods 
	Study Subjects 
	Basic Characteristics and Dietary Iron Intake Assessment 
	Breast Milk and Blood Collection 
	Biochemical Analyses 
	Breast Milk Iron Content Analysis 
	Statistical Analysis 

	Results 
	Participant Characteristics and Infant Anemia Diagnosis 
	Analysis of Iron Status 
	Iron Intake of Infants 
	Association between Feeding Type and Iron Status 

	Discussion 
	Conclusions 
	References

