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General introduction1
1. GENERAL

1.1 Micronutrient deficiencies and global health
The World Health Organization (WHO) and the Food and Agriculture Organization 
of the United Nations have declared that “more than two billion people in the 
world today suffer from micronutrient deficiencies caused largely by a dietary 
deficiency of vitamins and/or minerals”1. Micronutrient deficiencies have 
important negative health consequences, especially in pregnant women and 
young children, and the long-ranging health effects can lead to public costs and 
reduced work capacity caused by high rates of illness and disability.1 

Micronutrient deficiencies are not uniquely the concern of developing countries. 
While micronutrient deficiencies occur certainly more frequently and more 
severe among disadvantaged populations (key factors are poverty, the lack of 
access to a variety of food products, the lack of knowledge of appropriate dietary 
practices and a high incidence of infectious diseases), they do cause a public 
health problem in industrialized countries too. The current lifestyle with increased 
consumption of highly-processed energy-dense but micronutrient-poor food 
products in industrialized countries is likely to adversely affect micronutrient 
intake and subsequently micronutrient status. Therefore, micronutrient 
deficiencies are also a major impediment for the public health and socioeconomic 
development of industrialized countries in, for example, Europe.1 

1.2 World prevalence and global burden of iron and vitamin D deficiency
Iron deficiency (ID) and vitamin D deficiency (VDD) are two of the most common 
micronutrient deficiencies worldwide.1,2 There are no current global prevalence 
rates of ID, but using anemia as an indirect indicator it can be estimated that most 
preschool children and pregnant women in developing countries, and at least  
30-40% in industrialized countries, are iron deficient.2 The world prevalence of 
VDD varies from 0.2% to 98% depending the investigated population (country, 
age, etc.) and definition used.3

ID and VDD contribute substantially to the global burden of disease. For example, 
according to WHO mortality data, around 0.8 million deaths (1.5% of the global 
total) can be attributed to ID each year.1 In terms of the loss of healthy life, 
expressed in disability-adjusted life years (DALYs), iron deficiency anemia (IDA), 
the consequence of severe ID, results in 25 million DALYS lost per year (2.4% of 
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General introduction1
the global total).1 The scale and impact of VDD is much more difficult to quantify 
because of the diversity of consequences of VDD. However, it is likely that VDD 
also substantially contributes to the global burden of disease.1 From a global health 
and economical point of view, ID and VDD are two highly relevant health issues that 
should be prevented. 

2. IRON

2.1 Iron-homeostasis: absorption, transport and key regulator hepcidin 
Iron is an essential micronutrient crucial to many biologic functions, including 
oxygen transport, energy metabolism, immune system functioning and DNA 
synthesis in growing and developing tissues. For example, in young children, iron 
plays an important role in brain growth and development. On the other hand, iron 
is required for the survival and virulence of many pathogens. Moreover, unbound 
iron can catalyze the formation of oxidative radicals that damage proteins, lipids 
and nucleic acids. The human body has no mechanism for active iron excretion. 
To prevent both ID and iron overload, iron-homeostasis is tightly regulated by the 
peptide hormone hepcidin that influences iron release in the systemic circulation.4 

Iron absorption
Iron absorption takes place primarily in the duodenum and proximal jejunum 
of the small intestine and highly depends on a child’s iron status; intestinal iron 
absorption is increased in response to ID and decreased in a state of iron sufficiency. 
Furthermore, intestinal iron absorption also depends on the type of iron and the 
presence of enhancing and/or inhibiting factors.5 Diets contain both heme iron 
(organic, for example, meat, poultry and fish) and non-heme iron (non-organic, 
for example, vegetables and fruits). Heme iron usually constitutes only 10% or 
less of the total iron intake in European mixed diets, whereas its absorption varies 
from about 10 to 40%. Non-heme iron forms the main part of dietary iron, but its 
bioavailability is low (1 to 5%).6 The absorption of non-heme iron is enhanced by 
meat, vitamin C (ascorbic acid), and inhibited by phytates (from seeds and grains), 
polyphenols (from plants) and calcium.5 The composition of a child’s diet can 
therefore influence non-heme iron absorption. 

Heme and non-heme iron are absorbed by two different pathways with specific 
transporters. Heme iron is absorbed intact by an intestinal heme iron transporter 
called heme carrier protein 1 (HCP1). Subsequently, heme oxygenase in the 
enterocyte degradates heme iron to ferrous iron (Fe2+). Absorption of non-heme 
iron is mediated by the divalent metal iron transporter 1 (DMT1). DMT1 transports 
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only ferrous iron, but most dietary non-heme iron is in the ferric form (Fe3+). 
Therefore, ferric iron must first be reduced to ferrous iron, possibly by the brush 
border ferric reductase called duodenal cytochrome B (DCYT2) or by dietary 
components like vitamin C. Once inside the enterocyte, ferrous iron that is not 
directly transferred into the systemic circulation, is stored as ferritin and ultimately 
lost when the cell is sloughed at the villus tip (Figure 1).4,5 

Iron transport
After iron absorption, the transport of iron across the basolateral membrane of 
the enterocyte into the systemic circulation is facilitated by the transport protein 
ferroportin 1 (in Figure 1 abbreviated as Ireg-1) and the ferroxidase hephestin. 
Ferroportin 1 also mediates export of iron from other cells, including macrophages. 
Ferroportin 1 is upregulated in response to ID. Hephestin is responsible for oxidizing 
ferrous iron back to ferric iron before it can be incorporated into transferrin. 
Transferrin is the major transporter for iron trafficking through plasma (Figure 1).4,5 

Figure 1 Iron absorption and transport across the enterocyte

Source: Mesias et al. Iron Nutrition in Adolescence. Critical Reviews in Food Science and Nutrition 2013;53:1226-1237. 

Abbreviations: Fe3+, ferric iron; DCYTB, duodenal cytochrome B; Fe2+, ferrous iron; DMT-1, divalent metal iron 

transporter 1; HCP-1, heme carrier protein 1; Ireg-1, ferroportin 1. 
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receptors expressed on all iron-requiring cells and tissues. The majority of iron is 
transported to the bone marrow where it is used for erythropoiesis. Furthermore, 
some iron is stored in the liver in hepatocytes as ferritin or hemosiderin. Iron from 
senescent erythrocytes is recycled by macrophages.4,5 

Hepcidin: key regulator of iron-homeostasis
Hepcidin, a peptide hormone synthesized primarily in the liver, is the key regulator 
of iron-homeostasis. The synthesis of hepcidin is stimulated by iron overload, 
infection and inflammation, whereas hepcidin synthesis decreases in case of ID, 
anemia and hypoxia. Hepcidin binds to and induces the degradation  
of ferroportin 1 on enterocytes and macrophages leading to decreased iron transfer 
from the basolateral membrane of the enterocyte and less iron release from 
macrophages into the systemic circulation, respectively. Subsequently, hepcidin 
increases iron retention in cells of the reticulo-endothelial system and hereby limits 
the iron-availability in the systemic circulation for iron-requiring cells.4,5

2.2 Iron deficiency: definition and types
ID is defined as a condition in which there are no mobilizable iron stores and in 
which signs of a compromised supply of iron to tissues, including the erythron, are 
noted.2 This definition embraces two types of ID: absolute ID and functional ID. 

Absolute ID
Absolute ID refers to depleted iron stores due to increased demands, insufficient 
dietary intake, malabsorption and/or chronic blood loss (Table 1). When the iron 
stores are fully depleted and iron supply is insufficient for Hb synthesis, IDA occurs.4 

Functional ID
In functional ID, inflammatory mediators (especially interleukin-6) induce changes 
in iron-homeostasis by upregulating hepcidin expression. Iron stores can be 
adequate, but there is limited iron available for the erythropoiesis since export 
of iron from the enterocytes and macrophages into the systemic circulation 
is inhibited. Functional ID is therefore also frequently called iron-restricted 
erythropoiesis. In theory, this is the optimal situation in case of an infection: 
increased hepcidin levels result in a low plasma iron content and subsequently 
reduction of microbial growth. On the other hand, this mechanism predisposes 
patients with chronic infections and/or inflammation to functional ID.4 

General introduction1
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erythropoietin (EPO) (e.g. in patients with renal insufficiency or cancer) can also 
cause functional ID (Table 1). In treated patients, iron stores may be available but 
their release into the systemic circulation may not be rapid enough to support 
the increased erythropoietic rate.4 Ultimately, functional ID can lead to anemia of 
chronic disease (ACD).4 

Table 1 Causes of iron deficiency

Absolute iron deficiency

Physiological

Increased demand Infancy (especially preterm infants)

Rapid growth

Menstrual blood loss

(Frequent) phlebotomies

Environmental

Insufficient intake Poverty

Malnutrition

Specific diets (vegan, vegetarian)

Pathological

Decreased aborption Celiac disease

Inflammatory bowel disease

Malabsorption syndromes

Chronic blood loss Gastro-intestinal infections

Inflammatory bowel disease

Functional iron deficiency

Pathological

Hepcidin production Inflammatory conditions

Chronic infections

Malignancies

Medication Erythropoiesis-stimulating agents

General introduction 1
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Diagnosing ID in children is complicated by poorly defined age-specific reference 
ranges for several iron status biomarkers and the lack of consensus on which 
biomarkers should be used. Many studies defined ID (in general) as two or more 
abnormal concentrations in a set of multiple iron status biomarkers including Hb. 
However, each biomarker represents a different aspect of iron-homeostasis and 
there is therefore no single standard test to assess ID or to differentiate between 
absolute ID and functional ID. 
The available iron status biomarkers can be divided in subcategories based on 
their informative capacity regarding iron status: biomarkers reflecting iron stores, 
biomarkers representing iron availability for the erythropoiesis, and biomarkers 
representing cellular iron demands. The following paragraphs summarize the 
available iron status biomarkers by the aforementioned subcategories. 

Biomarkers reflecting iron stores 
Bone marrow iron staining is considered to be the ‘gold standard’ for 
determining iron stores. However, a bone marrow aspiration is an invasive 
procedure for children that requires general anesthesia and is therefore not 
recommended for screening. An alternative is to analyze a blood sample  
to quantify the magnitude of iron stores.2 

Serum ferritin (SF) is the most specific biomarker in blood reflecting iron 
stores since it correlates with total body iron stores.2 It is important to realize 
that once iron stores are depleted, SF does not quantitatively reflect further 
reduction of tissue iron. The generally accepted cut-off levels for SF, established 
by the WHO, are SF <12 µg/l for children <5 years of age and SF <15 µg/l for 
children ≥5 years of age.2 However, the acute phase response induced by 
infections and/or inflammation can elevated SF levels, independent of actual 
iron stores. Consequently, SF levels are only reliable to reflect iron stores in the 
absence of these conditions. Interpretation of SF levels is therefore problematic 
in populations in which the incidence of infections or inflammation is high.2 
Some studies have used higher cut-off levels for SF in patients with infection/
inflammation (e.g. 30 or 100µg/l), but these cut-off levels are not evidence-based 
for the general pediatric population.7 Currently, the WHO advises to concurrently 
measure another acute phase protein to help with the interpretation of SF levels. 
If the concentration of the additional acute phase protein is higher than the 
normal threshold, SF should not be considered as a reliable biomarker reflecting 
iron stores.2 Frequently, C-reactive protein (CRP) is chosen as an additional acute 
phase protein that is easily available in most hospitals. 

General introduction1
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transport protein transferrin, to investigate iron status. Serum iron concentration 
is low in absolute ID as well as in functional ID because it depends on both the 
iron stores and the release of iron from enterocytes and macrophages into the 
systemic circulation. Serum iron is therefore not a specific biomarker for low iron 
stores. Furthermore, serum iron has a diurnal pattern, which makes it unsuitable 
as an iron status indicator, a statement that is underlined by the WHO.2 

Another option is to measure transferrin concentrations. Transferrin can be 
measured directly, or be reported as the total iron binding capacity (TIBC).  
The transferrin concentration (in mg/dl) can be converted to the TIBC (in µg/dl)  
by multiplying by 1.389. Subsequently, transferrin saturation is the ratio of 
serum iron to TIBC (serum iron / TIBC x 100%). In case of absolute and/or functional 
ID, serum iron is reduced and TIBC is increased, resulting in a lower transferrin 
saturation. A transferrin saturation below 16% is generally used as an indicator 
of ID. However, as previously mentioned, serum iron related biomarkers are not 
recommended by the WHO because of the diurnal variation of serum iron.2 

Biomarkers representing iron availability for the erythropoiesis
Zinc protoporhyrin, a normal metabolite that is formed in trace amounts during 
heme biosynthesis, can be analyzed to investigate iron availability for the 
erythropoiesis. The final reaction in the biosynthetic pathway of heme is the 
chelation of iron with protoporhyrin. During periods of less iron availability, zinc 
becomes an alternative metal substrate for ferrochelatase (i.e. zinc replaces the 
missing iron during formation of the protoporphyrin IX ring in heme), leading to 
an increased zinc protoporphyrin/heme ratio (ZnPP/H).8-13 Most of these cited 
studies have focused on the use of ZnPP/H in adult patients. Limited evidence 
exists for the use of ZnPP/H in detecting iron availability for the erythropoiesis in 
children13, although the WHO recommends the following cut-off levels: ZnPP/H > 
61 µmol/mol heme for children <5 years of age and ZnPP/H > 70 µmol/mol heme 
for children ≥ 5 years of age.2

Hematofluorometry is the fastest and easiest method of determining ZnPP/H in 
blood specimens. Plasma interference, most of which is attributable to bilirubin, 
can give falsely increased values. Other potentially interfering substances 
and situations include the use of certain medication, high plasma vitamin B2 
concentrations and lead poisoning.12 A common solution to eliminate most of  
the aforementioned interference requires washing of the plasma12, as performed 
in the studies presented in the following chapters. 

General introduction 1
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iron status biomarkers, it is common practice to concurrently analyze a complete 
blood cell count, i.a. to investigate the presence of anemia. Hemoglobin (Hb)  
is the iron-containing oxygen transport protein in erythrocytes. The WHO advices 
gender- and age-specific cut-off levels for Hb because normal Hb distributions 
vary with age and gender.2 
Reticulocyte hemoglobin content (Ret-Hb) reflects the Hb content in 
reticulocytes. With a lifespan of reticulocytes of only 24 to 48 hours, Ret-Hb 
provides a real-time view of bone marrow iron. It decreases within days after 
onset of iron-deficient erythropoiesis. However, a recent Dutch study showed  
a limited value of Ret-Hb in detecting iron depletion following WHO criteria for  
SF in young children in a high-resource country with a low prevalence of IDA.14

The mean corpuscular volume (MCV) is an indicator of the average erythrocyte 
volume and can be used to calculate the red blood cell distribution width. 

Red blood cell distribution width (RDW) reflects the degree of heterogeneity of 
erythrocyte volume, conventionally known as anisocytosis. In case of inadequate 
iron supply, erythrocytes become smaller and show a larger variation in size 
and subsequently a higher RDW level. On the other hand, the presence of 
macrocytosis, such as in the case of folate or vitamin B12 deficiency, can also 
cause an increased RDW level.15 From a hematological perspective, RDW is 
nowadays mostly used in anemic adults to differentiate between ß-thalassemia 
and ID. As a general rule, anemia caused by nutritional deficiencies tend to be 
associated with a greater degree of anisocytosis than anemia caused by genetic 
defects or primary bone marrow disorders.15 In children, limited evidence exists 
for the use of RDW in investigating iron availability for the erythropoiesis.16-21 

RDW is part of routine red blood cell measurements in laboratories using 
automated hematology analyzers and could therefore be easily used as a 
screening tool for ID. Depending on the type of analyzer, RDW can be reported 
as coefficient of variation (CV) (RDW-CV) or as standard deviation (SD) (RDW-SD). 
RDW-SD (expressed in femtoliter) is an actual measurement of the width of the 
erythrocyte size distribution histogram at a certain height level (depending on 
the type of analyzer, varying from 20 to 50%). In contrast, RDW-CV (expressed in 
%) is calculated by the following equation: 1 SD of erythrocyte volume / MCV x 
100. RDW-CV is mathematically derived from MCV and it is therefore affected by 
the average erythrocyte size.15 Studies investigating cut-off levels for both types 
of RDW to indicate ID in children are scarce, and, furthermore, one should realize 
that these cut-off levels are instrument-specific.15 

General introduction1
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Soluble transferrin receptor (sTfR) is a circulating protein derived from cleavage 
of the membrane transferrin receptor on iron-requiring cells. sTfR reflects cellular 
iron demands and erythropoietic activity. It can estimate the magnitude of iron 
deficit once iron stores are depleted and indicate the presence of functional 
ID.2 An important note is that sTfR increases only after severe depletion of iron 
stores and/or high hepcidin concentrations. The diagnostic capacity of sTfR in 
high-resource countries with moderate ID (minimal IDA) and a low infection 
pressure is unclear. Previous studies performed in the Netherlands showed that 
the discriminative value of sTfR for the detection of iron depletion following WHO 
criteria for SF in young children14 and pediatric cystic fibrosis (CF) patients22 is 
limited.
The sTfR-ferritin index is calculated as the ratio of the sTfR (in mg/l) to the 
logarithm of SF (in µg/l) (sTfR / log(SF)) and was designed to evaluate changes in 
both body iron stores and functional iron. It was thought to be more useful than 
sTfR or SF alone, although an analysis of 4 intervention studies showed no clear 
advantage of the sTfR-ferritin index over SF alone.23 

Differentiating between absolute ID and functional ID: why and how
The differentiation between absolute ID and functional ID is important because 
of therapeutic consequences. Children with absolute ID (with or without anemia) 
should be treated with iron replacement therapy, whereas in functional ID, 
underlying infection/inflammation should be treated before considering iron 
supplementation.4 

As previously mentioned, SF, in the absence of signs of an acute infection/
inflammation, is the recommended and most specific biomarker for absolute 
ID. In the presence of chronic infections/inflammation, biomarkers such as 
RDW and ZnPP/H are easily available and can be used to detect iron-restricted 
erythropoiesis leading to functional ID. However, more studies are necessary to 
calculate cut-off levels for these biomarkers indicating ID, especially in children 
with moderate ID living in high-resource countries. Finally, limited evidence exists 
for the use of hepcidin in differentiating between absolute ID and functional ID. 
Hepcidin assays are available only in research settings whereas standardization is 
lacking. Furthermore, age-specific reference ranges for children, and knowledge 
on the association between hepcidin and other iron status biomarkers in children, 
are also lacking, limiting the present use of hepcidin as a biomarker for functional 
ID in the pediatric population.24 
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In general, risk factors for ID in children differ between populations. For example, 
a non-Caucasian race and a low socioeconomic status are both associated with an 
increased risk of absolute ID.25 More specific risk factors for ID in children can be 
divided in the following subcategories: perinatal risk factors, growth, diet-related 
risk factors, day care, blood loss and chronic disorders. The following paragraphs 
summarize risk factors for ID in children by the aforementioned subcategories. 

Perinatal risk factors
Fetal iron accretion via the placenta, depending on maternal iron status, 
predominantly occurs in the third trimester of the pregnancy. Therefore, preterm 
infants and infants born to iron deficient mothers are prone to develop absolute 
ID. Furthermore, placental iron transport can also be negatively influenced by 
maternal hypertension, maternal smoking or pregnancy-induced diabetes.26 
In healthy term infants born to healthy and iron sufficient mothers, iron stores at 
birth are considered to be sufficient to cover the iron demands for growth during 
the first 4 to 6 months of life. After this age, next to breast milk and/or formula, 
complementary food containing sufficient amounts of iron is necessary to cover 
the iron demands for further growth and development of young children.26 

Growth 
In periods of rapid growth, such as after birth, the toddler period, and the growth 
spurt in teenagers, iron demands are increased due to high growth velocities and 
a high rate of development. For example, there is growth of bone and muscle and, 
consequently, expansion of total blood volume requiring use of stored iron.27 

Diet-related risk factors
The European Food Safety Authority (EFSA) has established iron requirements 
for children based on their age and gender. The Estimated Average Requirement 
(EAR) for iron, defined as the average daily iron intake level estimated to meet the 
requirement of half the healthy individuals in a particular life stage and gender 
group, varies from 5 mg/day in infants aged 7-11 months to 8 mg/day in boys 
aged 12-17 years. For girls aged 12-17 years, the Population Reference Intake (PRI), 
calculated as the requirement at the 97.5th percentile, is estimated at  
13 mg/day.28 However, a recent study revealed that most young European 
children do not reach the aforementioned requirements and are therefore at risk 
to develop absolute ID.29 The use or non-use of iron-rich food products or food 
products containing iron absorption inhibiting and/or enhancing components 
influence iron status of children. 

General introduction1
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intake and subsequent iron status. For example, breast milk has a relatively 
low iron content that declines with increasing age from 0.5-0.6 mg/l at two 
weeks of lactation to approximately 0.3 mg/l at the age of 5 months.30 However, 
iron in breast milk is easily absorbed because it is mainly bound to lactoferrin, 
which facilitates intestinal iron absorption via the lactoferrin receptor into the 
enterocyte.31 In European preterm infants receiving breast milk, adding breast 
milk fortifier is recommended although these do not always contain iron. In 
contrast, cow’s milk (CM) derived formula, either specific for preterm infants or 
standard formula for term infants, has a higher iron content than breast milk. 
In Europe, infant formula fortification guidelines differ per country but most 
commercially available standard infant formulas for term infants subscribe to 
the European Society for Pediatric Gastroenterology, Hepatology and Nutrition 
(ESPGHAN) standard and contain 4-8 mg iron per liter. Follow-on formulas for 
infants older than 6 months of age usually contain even more iron. However, the 
iron bioavailability in CM derived formula is much lower than that of iron in breast 
milk.32 After the age of 1 year, the use of regular CM, instead of, for example, 
young child formula (YCF) (that contains more iron than CM), is broadly accepted. 
The negative effect of CM consumption on iron status is attributed to the 
composition of CM with its low iron content, and the inhibitory effect of calcium 
on non-heme iron absorption.

Besides type of milk, it is well known that an unbalanced diet can contribute to 
absolute ID.1 For example, it has been suggested that vegetarians are more prone 
to develop absolute ID than omnivores, although some research shows that 
eliminating meat leads to a higher intake of whole-grain and fortified cereals, 
legumes, nuts, seeds and dried fruit, and subsequently a higher iron intake than 
in omnivores. The poorer iron status observed in vegetarians may be due, at least 
partly, to the lower bioavailability of non-heme iron in the aforementioned food 
products.33 

Day care
Young children staying at home, instead of attending day care, may be at a  
higher risk to develop absolute ID.25,34 It is thought that children maybe eat more 
(or food of better nutritional quality) at preschool/day care because of meals  
that are collectively used on structural moments with more time and attention  
for eating.34 
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Specific pediatric populations encounter regular blood losses that make them 
prone to absolute ID. For example, infants born prematurely are susceptible to 
absolute ID because of frequent phlebotomies during the first weeks of life, e.g. 
to analyze blood glucose levels and bilirubin levels.26 Another example is an 
adolescent girl whose menstrual blood loss predisposes her to absolute ID. It is 
estimated that 30-40 ml of blood is lost in each menstruation leading to a loss of 
approximately 15-30 mg iron per cycle.27 Other examples are gastro-intestinal (GI) 
blood loss in patients with GI-tract disorders and infections such as inflammatory 
bowel disease (IBD) and Helicobacter Pylori and hookworm infection.2 

Chronic disorders
Risk factors for functional ID include chronic disorders that evolve from the 
activation of the immune system leading to hepcidin expression. These disorders 
include mainly chronic infections, (hematological) malignancies and chronic 
inflammatory (auto-immune) disorders (Figure 2).4,35 Currently, it is not known to 
what extend certain chronic disorders like IBD and diabetes mellitus (DM) type 1 
influence functional iron status in pediatric patients. Furthermore, obesity may 
also be associated with mild functional ID because of subclinical inflammation 
with subsequent increased hepcidin levels. It is thought that adipose tissue-
derived cytokines stimulate hepcidin expression in the liver, and, furthermore, 
also direct expression of hepcidin in adipose tissue can lead to functional ID.36,37 
All these and the aforementioned risk factors for absolute ID and functional ID  
in children are summarized in Figure 2.

General introduction1
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Figure 2 Risk factors for absolute and functional iron deficiency in children

Abbreviations: ID, iron deficiency; GI, gastro-intestinal. 

2.5 Iron deficiency: consequences in children
ID in childhood is associated with many adverse effects depending on the  
age of the child and the severity and progress of the deficiency. In general,  
a fast progressive deprived iron status, like acute blood loss, causes short-term 
symptoms while a more slowly developing ID can remain asymptomatic for 
some time. ID can cause symptoms of fatigue and paleness which can worsen 
to a reduced exercise capacity, cardiac palpitations and dizziness in the case of 
anemia.38 
Furthermore, the development and maturing of the central nervous system (CNS) 
in infants and young children is highly dependent on iron-containing enzymes 
and proteins. ID might therefore have multiple and varied effects on neuro-
cognitive development in children, especially when ID occurs during the brain 
growth spurt in early infancy. Animal and human studies supporting this are 
summarized below. 

Neurodevelopmental effects of ID in animal models
Induction of early ID in rats has been shown to directly affect oligodendrocytes. 

Blood loss
- Phlebotomy
- Menstruation
- GI-tract disorders

Diet
- Iron (heme/non-heme) intake
- Composition of the diet (calcium, vit C, etc.)
- Type and amount of milk (breast- or formula)
- Use of supplements and/or fortified products
- Day care attendance

Immune system
- Chronic infections
- Malignancies
- Chronic inflammatory disorders
- Obesity

Demographic factors
- Gender
- Age
- Ethnicity
- Socioeconomic status

Growth
- After birth
- Toddlers
- Teenagers (growth spurt)

Iron deficiency anemia

Anemia of chronic disease

Absolute ID
(low iron stores)

Functional ID
(iron-restricted  
erythropoiesis

Perinatal period
- Maternal iron status
- Placenta
- Gestational age
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neural signal transmission. Insufficient myelinisation can impair neural signal 
transmission speed and subsequent several neurologic functions. Furthermore, 
early ID also alters brain metabolism and morphology as has been studied in the 
hippocampal formation. The hippocampus is involved in recognition memory  
and other important cognitive and emotional functions. It has been observed that 
early ID decreases neuronal metabolism, dendritic growth and arborization, and 
synapse formation. Finally, animal studies also show short- and long-term effects 
of ID on gene and protein profiles and several neurotransmitter systems.  
In summary, ID in animal models has shown multiple and varied effects on  
the CNS of animals.39 

Neurodevelopmental effects of ID in children
The presence of ID or IDA in infants and young children is associated with impaired 
neuro-cognitive development indicated by disturbed cognitive, motor, and/or 
social-emotional functioning at a later age.40-74 For example, compared with non-
anemic infants, those with IDA show deprived auditory brainstem responses, altered 
rapid eye movement density in active sleep, poorer recognition memory with 
event-related potentials and altered electroencephalographic frontal asymmetry.39 
Most information on outcome beyond early childhood comes from a longitudinal 
study performed in Costa Rica. By early adolescence, Costa Rican children with 
chronic, severe ID in infancy had repeated a grade in school and they did not caught 
up in motor performance to their iron sufficient peers. Moreover, their mothers 
and teachers reported them to have more anxiety/depression, social problems 
and inattention. At 19 years, they did worse on neuro-cognitive tests of executive 
function and recognition memory. Recently, functional outcomes at 25 years of age 
related to education, health and close relationships were reported. Previously iron 
deficient adults showed a lower educational level and they report poorer emotional 
health and negative emotions and feelings of dissociation/detachment.73 Studies 
focusing on the long-term neuro-cognitive functioning of iron deficient children in 
developed countries like in Western-Europe with mostly moderate deficiencies are 
scarce. However, overall, it can be concluded that the presence of ID or IDA in both 
animals and humans has been linked with several negative effects on the CNS. 

Other effects of ID in children
Besides the previously mentioned general symptoms of ID, and the diverse effects 
of ID on the CNS, ID and IDA in children are also associated with growth retardation2, 
breath-holding spells75, febrile convulsions75, restless legs75 and an impaired immune 
response2,75. 
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hemoglobin A1c (HbA1c). HbA1c reflects the amount of glycated Hb and is used 
in the diagnostic process and treatment of patients with diabetes. An altered 
erythrocyte lifespan, in particular due to anemia, is thought to be an important 
confounder in the use of HbA1c in patients with diabetes. Studies in adult patients 
with diabetes suggest that ID per se may cause elevated HbA1c levels, irrespective 
of the presence of anemia.76 In pediatric DM type 1 patients, information about the 
influence of iron status on HbA1c levels is scarce and incomplete. Only two small 
studies with children with DM type 1 revealed higher HbA1c levels in patients with 
IDA than in those without IDA. These HbA1c levels decreased significantly after iron 
replacement therapy.77,78 

2.6 Iron deficiency: prevention and treatment in children
The aim of treatment of absolute ID and IDA is to replenish iron stores and to 
supply enough iron to normalize Hb concentrations.38 In Europe, ferrous fumarate 
is the most frequently prescribed oral preparation. The Dutch pediatric medication 
standard advices ferrous fumarate 9 mg/kg/day (= 3 mg Fe) during at least 
two months until the iron status (and the Hb level) have normalized.79 At risk-
populations, such as preterm infants and patients with IBD, are frequently screened 
for ID and subsequently treated. In contrast, and as explained before, patients with 
functional ID or ACD should not be treated with iron replacement therapy.4 

Besides screening at-risk populations and active iron replacement therapy in 
patients with confirmed absolute ID or IDA, several nutritional prevention strategies 
exist. On a global level, the WHO recommends the promotion of access to, and 
consumption of, iron-rich food products such as meat and organs from cattle, fowl, 
fish, and poultry, and non-animal food products such as legumes and green leafy 
vegetables.38 These approaches, however, should also take into account that the 
bioavailability of iron depends on the composition of the diet as explained before. 
Advice about the composition of the diet, for example, drinking orange juice instead 
of milk with a meal, can help with maintaining or improving iron status. Furthermore, 
fortification of commonly used food products such as formula or cereals is another 
nutritional prevention strategy to improve the iron status of populations.38 Several 
international trials have shown beneficial effects of milk fortification on iron 
status in children.80-89 Unfortunately, adequate studies regarding this strategy in 
West-European children are lacking. Finally, there is no general recommendation 
regarding iron supplementation since supplementation in iron-replete children may 
have adverse effects such as increased risk of infection.90
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3.1 Vitamin D-homeostasis: absorption, conversion, transport and key 
regulators
Vitamin D is a micronutrient, but can also by synthesized in the human skin by 
sunlight exposure. The main functions of vitamin D are the regulation of calcium, 
phosphate, and parathyroid hormone (PTH) metabolism and subsequent bone 
health.91-93 

Vitamin D absorption, conversion and transport
There are three sources of vitamin D: ultraviolet B (UVB) radiation-dependent 
endogenous production, dietary supplements and other nutritional sources 
such as fatty fish, liver and organ meats, egg yolk, certain fungi and cod liver 
oil. UVB radiation-dependent vitamin D production starts with the non-
enzymatically conversion of 7-dehydrocholesterol to bio-inactive previtamin 
D called cholecalciferol (vitamin D3) in the epidermal layer of the skin. Dietary 
vitamin D, either from supplements or from other food products, usually contains 
cholecalciferol or ergocalciferol (vitamin D2). These two forms of so-called 
previtamin D are incorporated into micelles in the intestine before absorption  
by enterocytes occurs. Subsequently, they are packed into chylomicrons entering 
the systemic circulation. 

To become bioactive, cholecalciferol and ergocalciferol bound to vitamin 
D-binding protein undergo two modifications. Firstly, they are converted 
enzymatically in the liver to calcidiol (25-hydroxyvitamin D) (25(OH)D). Secondly, 
calcidiol is enzymatically converted to bioactive calcitriol (1,25-dihydroxyvitamin 
D) (1,25(OH)2D) in the kidney. In the systemic circulation, calcitriol binds to a 
vitamin D receptor (VDR) on nucleated cells of target tissues where it regulates 
mineral metabolism, bone resorption, gene transcription, and immune system 
functioning (Figure 3). 

General introduction1



27

C
H

A
PT

ER
 1

Figure 3 Pathways of vitamin D synthesis and its effects on minerals and bone

Abbreviations: UVB, ultraviolet B; Ca2+, calcium; PO4
3-, phosphate; PTH, parathyroid hormone; FGF-23, fibroblast 

growth factor-23. 

Regulators of vitamin D-homeostasis
The aforementioned and illustrated effects of calcitriol require a tight regulation 
of vitamin D-homeostasis that occurs through a series of negative and positive 
feedback loops resulting in changes in the expression of renal hydroxylase 
enzymes involved in converting calcidiol to bioactive calcitriol. A low calcium, 
phosphate and/or PTH concentration results in increased conversion of calcidiol 
into calcitriol. In turn, calcitriol suppresses PTH production and negatively 
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fibroblast growth factor 23 (FGF-23) produced in bone is also a regulator of 
vitamin D-homeostasis. FGF-23, stimulated by calcitriol, down-regulates specific 
transporters in the kidney leading to reduced renal phosphate reabsorption. 
Moreover, FGF-23 down-regulates renal hydroxylase enzymes leading to a 
decreased production of calcitriol forming a negative feedback circuit between 
the FGF-23 and the vitamin D endocrine system. Finally, FGF-23 directly inhibits 
PTH synthesis and hereby also causes a decreased production of calcitriol  
(Figure 3).94,95 

3.2 Vitamin D deficiency: definition
The terminology for “low vitamin D status” is various and includes deficiency, 
insufficiency, inadequacy, and hypovitaminosis of vitamin D. In this chapter, 
and in the following chapters, we use the terminology “vitamin D deficiency” 
(VDD) that embraces a spectrum of low vitamin D status with different severity 
regarding bone health and other consequences. Classically, overt VDD is 
characterized by hypocalcemia and/or hypophosphatemia and rickets and/or 
osteomalacia in children. However, not every VDD leads to the aforementioned 
clinical and laboratory findings in children. 

3.3 Vitamin D deficiency: diagnostic tests in children
Among the various forms of (pre)vitamin D described before, the level of bio-
inactive calcidiol is considered to be the best indicator of vitamin D status.91-93,96 
Calcidiol is the major circulating form of vitamin D and has a half-life of two 
to three weeks. In contrast, bioactive calcitriol has a much shorter half-life of 
only four hours and it circulates in much lower concentrations than calcidiol. 
Furthermore, calcitriol is also susceptible to fluctuations induced by PTH in 
response to subtle changes in calcium concentration thus limiting the reliable  
use of calcitriol as a biomarker for vitamin D status.91-93,96 

Reference ranges and subsequent cut-off levels for calcidiol indicating deficiency 
are difficult to establish because of assay variability and lack of agreement 
regarding the definition of a ‘normal’ population. Furthermore, defining reference 
ranges and cut-off levels for calcidiol may also be complicated by the need for 
different levels for various tissues and endpoints. For example, the cut-off level 
for non-classical targets of vitamin D such as the immune system might vary 
from that for bone. Moreover, it is also likely that the optimal calcidiol level varies 
between individuals. Despite the aforementioned arguments, most vitamin D 
experts and health organizations and societies such as The American Academy of 
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as the best cut-off level for calcidiol indicating VDD.91-93,96 This cut-off level is based 
on data that considered clinical, radiological and laboratory findings such as bone 
density, calcium absorption and the presence of rickets.93 

3.4 Vitamin D deficiency: risk factors in children
Aging negatively influences the amount of 7-dehydrocholesterol in humans and 
subsequently limits UVB-dependent cutaneous production of cholecalciferol.96 
More specific risk factors for VDD in children can be divided in the following 
subcategories: perinatal risk factors, sun exposure, diet-related risk factors 
including vitamin D supplementation, and pathological conditions and 
medication. The following paragraphs summarize risk factors for VDD in children 
by the aforementioned subcategories.

Perinatal risk factors
VDD in (future) mothers can cause fetal VDD and subsequent fetal rickets because 
of limited transplacental transfer of vitamin D from the mother to the unborn 
fetus.96 Furthermore, maternal VDD has been linked to pre-eclampsia (new onset 
hypertension and proteinuria during pregnancy) that can lead to the premature 
birth of a fetus.97 These preterm born infants are more prone to develop VDD than 
term infants because they have less time to accumulate vitamin D from  
their mother.96 

Sun exposure 
The angle of the sun (including the factors that influence this angle such as 
altitude and local date and time), the intensity of the sun (i.a. influenced by 
the weather), and skin pigmentation (melanin absorbs UVB radiation) and/or 
protection (by sunscreen or clothing) all influence the UVB-dependent cutaneous 
production of cholecalciferol.96,98 

Diet-related risk factors including vitamin D supplementation
EFSA has established vitamin D requirements for children based on their age.  
The adequate intake (AI) for vitamin D is set at 10 µg/day and 15 µg/day for 
infants aged 7-11 months and children aged 1-17 years, respectively.99 However, 
most young European children do not reach these intakes and are therefore at 
risk to develop VDD.29 The use or non-use of vitamin D-rich food products, vitamin 
D fortified products and/or vitamin D supplementation influence dietary intake  
of vitamin D and subsequent status of children. 
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D intake and subsequent vitamin D status. For example, the vitamin D content 
of breast milk, even of a healthy and vitamin D sufficient mother, is relatively 
low ranging from 0.25 to 2.0 µg/l.100 In contrast, CM derived infant formulas 
have a higher vitamin D content although not sufficient to prevent VDD in every 
infant.96 After the age of 1 year, the use of regular CM, instead of, for example, 
YCF (that contains more vitamin D than CM), is accepted. Its use in Europe, where 
regular CM is not fortified with vitamin D, in contrast to the United States and 
Canada101-103, can lead to VDD. 

Vitamin D-rich food products are products not typically consumed by infants 
and young children consistently such as fatty fish, cod liver oil, and organ meats. 
Therefore, some dairy products like butter and certain cereals are fortified with 
vitamin D although not every child consumes these products. 

To achieve an adequate vitamin D intake and subsequent status in infants and 
toddlers, the governments of most European countries advice the use of vitamin 
D supplementation. The ‘protective effect’ of vitamin D supplementation on 
VDD (rickets) has been extensively reported.91,93 Guidelines regarding specific 
indications for vitamin D supplementation (like age and skin pigmentation), the 
exact dosage, and time differ between countries. Unfortunately, compliance to 
these guidelines seems to be low.104 

Pathological conditions and medication
Several medical conditions increase the risk of VDD such as obesity leading to 
the sequestration of vitamin D in adipose tissue, and conditions that impair 
fat absorption like celiac disease (CD), IBD and CF.96 Furthermore, children with 
certain genetic disorders, liver and/or kidney disease may be prone to develop 
VDD when the disease is accompanied with deficient converting enzymes.96 

The use of certain medication (e.g. anticonvulsants, antifungal agents, 
antiretroviral drugs, and glucocorticosteroids) increases the risk of VDD because 
these drugs precipitate the conversion of previtamin D into bioactive vitamin D.96 
All these and the aforementioned risk factors for VDD in children are summarized 
in Figure 4. 
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Figure 4 Risk factors for vitamin D deficiency in children

3.5 Vitamin D deficiency: consequences in children
VDD in childhood is associated with many adverse effects although not all reveal 
clear symptoms at an early stage. The adverse effects of VDD can be divided in 
skeletal and non-skeletal effects and are summarized below by subcategories  
of human tissue containing a VDR. 
 
Bone: rickets, osteomalacia and fractures
The most frequently reported and widely known consequences of VDD are the 
development of rickets in growing children and osteomalacia in adolescents and 
adults. Rickets refers to a failure of mineralization of growing bone and cartilage 
and, depending on the severity, a child may be asymptomatic, or present with 
varying degrees of pain, irritability, motor delays, poor growth, and increased 
susceptibility to infections. Younger children may manifest with delayed closure 
of fontanelles, craniotabes (thinning of the skull), frontal bossing, prominence 
of costochondral junctions, widening of wrists and ankles, and bow legs or 
knock knees (genu valgum or varum). In older adolescents and adults, growth 
is complete, epiphyseal plates are fused, and there is usually some degree of 
mineralization, all of which help prevent bony deformities. Therefore, mildly 
impaired mineralization in older children and adults causes osteomalacia, which 
may be asymptomatic or manifest as isolated or generalized muscle and bone 

Diet
- Vitamin D intake
- Type and amount of milk (breast- or formula)
- Use of supplements and/or fortified products

Medicine
- Fat absorption disorders
- Certain medication
- Obesity

Perinatal period
- Maternal vitamin D status
- Placenta
- Gestational age

Demographic factors
- Age
- Ethnicity
- Socioeconomic status

Sun exposure
- Season and weather
- Skin; pigmentation, protective clothing  
 and/or sunscreen
- Geography (altitude, time)
- Time spent outdoors

Vitamin D deficiency
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(depending on the chosen cut-off level for 25(OH)D) in children and adolescents was 
associated with lower bone mineral density (BMD) which can lead to an increased risk 
for fractures.96 

Muscle: disturbed function and osteoporosis
Vitamin D may have a direct and indirect effect on muscle tissue. VDR knockout mice 
and vitamin D deficient animals show significant defects in muscle function and 
development. Adequate muscle mass accrual is essential for the attainment of peak 
bone mass that may be associated with a lower risk of osteoporosis in later life.96 

Immune system cells: impaired function, infections and auto-immune diseases
Vitamin D has various effects on the innate and adaptive immune system. For 
example, vitamin D enhances chemotaxis and phagocytic capabilities of cells of the 
innate immune system (i.e. macrophages and monocytes). Furthermore, the calcitriol-
VDR complex has proven to directly activate the transcription of antimicrobial 
peptides such as defensin ß2 and cathelicidin that cause destabilization of microbial 
membranes.105 These mechanisms can predispose vitamin D deficient children to 
infections.96 

Antigen presenting cells such as dendritic cells (DCs) are responsible for the initiation 
of the adaptive immune response. They present antigens to T-cells and B-cells and 
are able to modulate them by either immunogenic or tolerogenic signals such 
as cytokines and expression of co-stimulatory molecules. Vitamin D can alter the 
function and morphology of DCs to induce a more tolerogenic, immature state. 
Subsequently, in case of VDD, there is increased production of pro-inflammatory 
cytokines that can eventually stimulate auto-reactivity that can lead to the 
development of auto-immune diseases. Furthermore, vitamin D also directly effects 
T-cells and B-cells. For example, vitamin D influences B-cell homeostasis and controls 
B-cell activation. This is clinically relevant for the pathogenesis of auto-immune 
diseases since B-cells can produce auto-reactive antibodies.105 This explains why 
observational studies have linked improved vitamin D status with a reduced risk for 
DM type 1, multiple sclerosis, Crohn’s disease, and rheumatoid arthritis.96 

Other effects of VDD
Although rare in children, VDD has been linked to cardiovascular disease (i.a. 
hypertension, myocardial infarction, stroke and cardiac mortality), several cancers 
(including pancreatic, colon and breast), and psychiatric and neurological disorders 
(i.a. neurocognitive decline, schizophrenia and depression).96 
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The aim of treatment of VDD is to normalize 25(OH)D levels. Several preparations 
(cholecalciferol and ergocalciferol) with different dosages depending on 
(gestational) age and possible underlying conditions and medication use exist. 
At risk-populations, such as preterm infants and patients with CF and IBD, are 
frequently screened for VDD and subsequently treated. 

Besides screening at-risk populations and active vitamin D replacement therapy 
in patients with confirmed VDD, several prevention strategies, mainly to increase 
dietary vitamin D intake, exist. Directly after birth and during the first years of 
life, international guidelines recommend the use of vitamin D supplementation. 
As previously mentioned, these guidelines differ between countries on several 
aspects. In Western-Europe, supplementation policies recommend vitamin D 
varying from 7 to 20 µg per day for children until the age of 5 years.106-108 Low 
compliance to vitamin D supplementation has led to the recommendation of 
fortification of commonly used food products such as milk. Several international 
trials have shown beneficial effects of food fortification (i.e. milk, bread and 
margarine) on vitamin D status.109-112 Unfortunately, adequate studies regarding 
this strategy in West-European children are lacking. 

Finally, since the cutaneous production of cholecalciferol depends on several 
factors that differ during the year, throughout the world and per person, there 
are no universal recommendations regarding how much sun exposure is required 
to maintain an adequate vitamin D status. Furthermore, the avoidance of intense 
sun exposure and the use of sunscreen should be promoted and stimulated, 
particular in young children, to prevent sun exposure-associated skin cancer.96 

4.  I R O N  A N D  V I TA M I N  D  D E F I C I E N C Y

4.1 Multiple micronutrient deficiencies: poor diet, limited absorption  
and micronutrient interaction
Multiple micronutrient deficiencies often occur simultaneously as a result 
of a poor-quality diet. Furthermore, GI-tract infections and/or disorders can 
limit the intestinal absorption of many micronutrients. Finally, micronutrients 
can also interact with each other in such a way that inadequate intake of 
one micronutrient can negatively influence the absorption, conversion, and 
homeostasis of other micronutrients.113
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described in Korean, Indian and Jordanian infants, toddlers, older children and 
adolescents.114-118 Several specific mechanisms for the co-existence of ID and VDD 
have been proposed and are summarized in the following two paragraphs. 

4.2 Iron deficiency leading to vitamin D deficiency
It is known that ID impairs the intestinal absorption of fat and fat-soluble vitamin 
A and thereby maybe also the absorption of fat-soluble vitamin D. Furthermore, 
iron is a co-factor for the enzyme 1α-hydroxylase which is responsible for the 
conversion of calcidiol into calcitriol.119 These mechanisms can (partially) explain 
how ID can lead to VDD in children. 

4.3 Vitamin D deficiency leading to iron deficiency
As previously explained, VDD can impair immune system functioning and 
subsequently increase the likelihood of an infection. As a consequence, micro-
organisms could ‘consume’ iron and hereby cause absolute ID. Furthermore, VDD 
can also lead to the development of functional ID. The underlying mechanism 
may be the lack of direct suppression of hepcidin transcription and the lack of 
reduction of pro-inflammatory cytokines by vitamin D.120 Moreover, vitamin D has 
been shown to support erythropoiesis by increasing burst-forming unit-erythroid 
proliferation and having a synergistic effect with EPO to further enhance erythroid 
progenitor cell proliferation.120 

In addition to vitamin D, other ‘hormones’ involved in the bone-mineral axis, 
including FGF-23 and PTH that are also influenced by vitamin D status, have 
been shown to be involved in iron-homeostasis and erythropoiesis. In contrast 
to vitamin D, FGF-23 and PTH are negative regulators of iron-homeostasis and 
erythropoiesis. FGF-23 decreases red blood cell counts and EPO concentrations 
in mice.120 Furthermore, PTH causes unfavorable alterations in erythropoiesis 
and fibrosis of the bone marrow leading to the development of anemia.120 The 
aforementioned mechanisms influencing iron and vitamin D status are illustrated 
in Figure 5. 
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Figure 5 Pathways leading from ID to VDD and vice versa

This figure illustrates the proposed mechanisms for the co-existence of both iron deficiency and vitamin D deficiency 

in children. 

Abbreviations: ID, iron deficiency; IDA, iron deficiency anemia; VDD, vitamin D deficiency; 25(OH)D, 

25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D3; EPO, erythropoietin; FGF-23, fibroblast growth 

factor-23; PTH, parathyroid hormone. 

5.  T H I S  T H E S I S

5.1 Aim
The aim of this thesis was to investigate the iron and vitamin D status of children 
living in Western-Europe. The studies described in this thesis focused on three 
aspects of iron and vitamin D status: diagnostic tests for assessing iron status (part 
I), epidemiological aspects of iron and vitamin D deficiency in young children 
and different groups of pediatric patients at risk for deficiency (part II), and finally 
the effect of a micronutrient-fortified YCF as a strategy to prevent ID and VDD in 
young children living in Western-Europe (part III). 

5.2 Part I: Diagnostic tests for assessing iron status
The first step of investigating the iron status of children living in Western-Europe 
is to define ID in this group. Using SF as a reliable estimate of body iron stores is a 
widely accepted and recommended alternative by the WHO for an invasive bone 
marrow aspiration to diagnose absolute ID in children. Diagnosing functional 
ID in children is more complicated because of the lack of age-specific reference 

Poor nutritional habits

ID(A) and VDD

Low iron status:
- Impairment of the intestinal 
 absorption of vitamin D?
- Less hydroxylation of inactive 
 25(OH)D to active 1,25(OH)2D

Low vitamin D status:
- Impairment of the immune system leading to 
 frequent infections and subsequently ‘consumption’ 
 of iron by micro-organisms
- Increased production/activity of pro-inflammatory 
 cytokines leading to hepcidin transcription and 
 subsequently ‘iron-restricted erythropoiesis’
- Direct effect on hepcidin transcription (increase)
- Decreased erythropoiesis and EPO activity
- FGF-23 and PTH
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some biomarkers, and the lack of knowledge on the association between different 
iron status biomarkers. As previously mentioned, RDW and ZnPP/H are two less 
expensive and easily available biomarkers although limited evidence exists for 
their use in West-European children. Therefore, in chapter 2, 3 and 4, we analyzed 
the diagnostic capacity of RDW and/or ZnPP/H to detect an impaired iron-
homeostasis in three different pediatric populations living in the Netherlands:  
(1) healthy 0.5-3 year old children (chapter 2), (2) children with CF (chapter 3) 
and (3) moderately preterm infants with a gestational age of 32 to 37 weeks 
(chapter 4). These populations were specifically chosen since, as previously 
described, they are at a higher risk for ID with subsequent health consequences 
and it is therefore highly important to adequately investigate and assess their  
iron status. 

5.3 Part II: Epidemiological aspects of iron and vitamin D deficiency in young 
children and different groups of pediatric patients at risk for deficiency
As previously described, risk factors for ID and VDD differ between populations 
and, as a consequence, different strategies may be needed to prevent ID and 
VDD in different children. It is therefore important to know the prevalence of 
and specific risk factors for ID and VDD in different children/pediatric patients 
with an assumed risk of deficiency. With the definitions and biomarkers of 
part I of this thesis we investigated the iron and/or vitamin D status of several 
moderately researched children/pediatric patients with an increasing age. Firstly, 
in chapter 5, we assessed the prevalence of iron depletion (low iron stores) 
and the corresponding predictive factors in moderately preterm infants at the 
postnatal age of 6 weeks. The predictive factors can be used in an algorithm for 
individualized iron supplementation in moderately preterm infants. Secondly, 
in chapter 6, we determined the prevalence of and risk factors for ID and VDD 
in healthy 12-36 month old children living in Western-Europe. Besides the two 
aforementioned primarily healthy children, we also investigated the iron status 
of two pediatric patient groups: children with IBD (chapter 7) and children with 
DM type 1 (chapter 8). It is often reported that chronic diseases/inflammatory 
conditions are frequently accompanied with impaired iron-homeostasis although 
adequate studies in pediatric patients are scarce. We used the WHO guidelines 
to define ID while we also differentiated between absolute and functional ID. 
Possible risk factors for ID such as a high disease activity score or certain disease-
related symptoms and/or biomarkers can help a clinician in identifying those 
patients at risk for ID. 
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living in Western-Europe
As previously described, compliance to current nutritional recommendations 
regarding iron and vitamin D intake, including the use of vitamin D supplements, 
in young European children is low. This emphasizes the need for a more strict 
focus on the use of supplements or new policies. A new policy could be the 
promotion of the use of fortified commonly used food products like milk although 
this has scarcely been studied in Western-Europe. We therefore performed a study 
in which healthy young European children were randomly allocated to receive 
either a micronutrient-fortified YCF or a non-fortified CM during 20 weeks to 
determine the effect of this strategy on their iron and vitamin D status. The results 
of the study are presented in chapter 9 and chapter 10. 

General introduction 1



38

C
H

A
PT

ER
 1 R E F E R E N C E  L I S T

1  World Health Organization and Food and Agricultural Organization of the United Nations. Guidelines on 

food fortification with micronutrients [WHO Web site]. January 1, 2006. Available at: http://apps.who.int/iris/

bitstream/10665/43412/1/9241594012_eng.pdf. Accessed August 24, 2016. 

2  World Health Organization. Iron Deficiency Anaemia. Assessment, prevention and control. A guide for 

programme managers [WHO Web site]. January 1, 2001. Available at: http://www.who.int/nutrition/

publications/micronutrients/anaemia_iron_deficiency/WHO_NHD_01.3/en/. Accessed: August 24, 2016. 

3  Palacios C, Gonzalez L. Is vitamin D deficiency a major global public health problem? J Steroid Biochem Mol Biol 

2014 Oct;144 Pt A:138-45.

4  Camaschella C. Iron-deficiency anemia. N Engl J Med 2015 May 7;372:1832-43.

5  Zimmermann MB, Hurrell RF. Nutritional iron deficiency. Lancet 2007 Aug 11;370:511-20.

6  Hercberg S, Preziosi P, Galan P. Iron deficiency in Europe. Public Health Nutr 2001 Apr;4:537-45.

7  Peyrin-Biroulet L, Williet N, Cacoub P. Guidelines on the diagnosis and treatment of iron deficiency across 

indications: a systematic review. Am J Clin Nutr 2015 Dec;102:1585-94.

8  Hastka J, Lasserre JJ, Schwarzbeck A, et. al. Zinc protoporphyrin in anemia of chronic disorders. Blood 1993  

Mar 1;81:1200-4.

9  Hastka J, Lasserre JJ, Schwarzbeck A, et. al. Central role of zinc protoporphyrin in staging iron deficiency.  

Clin Chem 1994 May;40:768-73.

10  Hastka J, Lasserre JJ, Schwarzbeck A, et. al. Laboratory tests of iron status: correlation or common sense?  

Clin Chem 1996 May;42:718-24.

11  Labbe RF, Rettmer RL. Zinc protoporphyrin: a product of iron-deficient erythropoiesis. Semin Hematol  

1989 Jan;26:40-6.

12  Labbe RF, Vreman HJ, Stevenson DK. Zinc protoporphyrin: A metabolite with a mission. Clin Chem 1999 

Dec;45:2060-72.

13  Metzgeroth G, Adelberger V, Dorn-Beineke A, et. al. Soluble transferrin receptor and zinc protoporphyrin--

competitors or efficient partners? Eur J Haematol 2005 Oct;75:309-17.

14  Uijterschout L, Domellof M, Vloemans J, et. al. The value of Ret-Hb and sTfR in the diagnosis of iron depletion  

in healthy, young children. Eur J Clin Nutr 2014 Aug;68:882-6.

15  Salvagno G, Sanchis-Gomar F, Picanza A, et. al. Red blood cell distribution width: A simple parameter  

with multiple clinical applications. Crit Rev Clin Lab Sci 2014 Dec 23;1-20.

16  Aulakh R, Sohi I, Singh T, et. al. Red cell distribution width (RDW) in the diagnosis of iron deficiency with 

microcytic hypochromic anemia. Indian J Pediatr 2009 Mar;76:265-8.

17  Choi YS, Reid T. Anemia and red cell distribution width at the 12-month well-baby examination.  

South Med J 1998 Apr;91:372-4.

18  Hinchliffe RF, Bellamy GJ, Finn A, et. al. Utility of red cell distribution width in screening for iron deficiency.  

Arch Dis Child 2013 Jul;98:545-7.

19  Kim SK, Cheong WS, Jun YH, et. al. Red blood cell indices and iron status according to feeding practices in infants 

and young children. Acta Paediatr 1996 Feb;85:139-44.

General introduction1



39

C
H

A
PT

ER
 1

20  Sazawal S, Dhingra U, Dhingra P, et. al. Efficiency of red cell distribution width in identification of children aged 

1-3 years with iron deficiency anemia against traditional hematological markers. BMC Pediatr 2014;14:8.

21  Urkin J, Adam D, Weitzman D, et. al. Indices of iron deficiency and anaemia in Bedouin and Jewish toddlers  

in southern Israel. Acta Paediatr 2007 Jun;96:857-60.

22  Uijterschout L, Swinkels DW, Akkermans MD, et. al. The value of soluble transferrin receptor and hepcidin in  

the assessment of iron status in children with cystic fibrosis. J Cyst Fibros 2014 Dec;13:639-44.

23  Yang Z, Dewey KG, Lonnerdal B, et. al. Comparison of plasma ferritin concentration with the ratio of plasma 

transferrin receptor to ferritin in estimating body iron stores: results of 4 intervention trials. Am J Clin Nutr 2008 

Jun;87:1892-8.

24  Uijterschout L, Swinkels DW, Domellof M, et. al. Serum hepcidin measured by immunochemical and mass-

spectrometric methods and their correlation with iron status indicators in healthy children aged 0.5-3 y.  

Pediatr Res 2014 Oct;76:409-14.

25  Brotanek JM, Gosz J, Weitzman M, et. al. Iron deficiency in early childhood in the United States: risk factors  

and racial/ethnic disparities. Pediatrics 2007 Sep;120:568-75.

26  Rao R, Georgieff MK. Iron therapy for preterm infants. Clin Perinatol 2009 Mar;36:27-42.

27  Mesias M, Seiquer I, Navarro MP. Iron nutrition in adolescence. Crit Rev Food Sci Nutr 2013;53:1226-37.

28  European Food Safety Authority. Scientific Opinion on Dietary Reference Values for iron [EFSA Web site].  

October 21, 2015. Available at: https://www.efsa.europa.eu/sites/default/files/consultation/150526.pdf. 

Accessed August 26, 2016. 

29  Goldbohm RA, Rubingh CM, Lanting CI, et. al. Food Consumption and Nutrient Intake by Children Aged 10 to  

48 Months Attending Day Care in The Netherlands. Nutrients 2016 Jul 14;8.

30  Siimes MA, Vuori E, Kuitunen P. Breast milk iron--a declining concentration during the course of lactation.  

Acta Paediatr Scand 1979 Jan;68:29-31.

31  Iyer S, Lonnerdal B. Lactoferrin, lactoferrin receptors and iron metabolism. Eur J Clin Nutr 1993 Apr;47:232-41.

32  Koletzko B, Baker S, Cleghorn G, et. al. Global standard for the composition of infant formula: recommendations 

of an ESPGHAN coordinated international expert group. J Pediatr Gastroenterol Nutr 2005 Nov;41:584-99.

33  Gorczyca D, Prescha A, Szeremeta K, et. al. Iron status and dietary iron intake of vegetarian children from Poland. 

Ann Nutr Metab 2013;62:291-7.

34  Uijterschout L, Vloemans J, Vos R, et. al. Prevalence and risk factors of iron deficiency in healthy young children  

in the southwestern Netherlands. J Pediatr Gastroenterol Nutr 2014 Feb;58:193-8.

35  Poggiali E, Migone De Amicis M, Motta I. Anemia of chronic disease: a unique defect of iron recycling for many 

different chronic diseases. Eur J Intern Med 2014 Jan;25:12-7.

36  Aigner E, Feldman A, Datz C. Obesity as an emerging risk factor for iron deficiency. Nutrients 2014 Sep 11;6:3587-600.

37  Hutchinson C. A review of iron studies in overweight and obese children and adolescents: a double burden  

in the young? Eur J Nutr 2016 Oct;55:2179-97.

38  Lopez A, Cacoub P, Macdougall IC, et. al. Iron deficiency anaemia. Lancet 2016 Feb 27;387:907-16.

39  Lozoff B. Iron deficiency and child development. Food Nutr Bull 2007 Dec;28:S560-S571.

General introduction 1



40

C
H

A
PT

ER
 1

40  Lozoff B, Brittenham GM, Wolf AW, et. al. Iron deficiency anemia and iron therapy effects on infant 

developmental test performance. Pediatrics 1987 Jun;79:981-95.

41  Lozoff B, Jimenez E, Wolf AW. Long-term developmental outcome of infants with iron deficiency. N Engl J  

Med 1991 Sep 5;325:687-94.

42  Lozoff B. Iron and learning potential in childhood. Bull N Y Acad Med 1989 Dec;65:1050-66.

43  Lozoff B. Iron deficiency and infant development. J Pediatr 1994 Oct;125:577-8.

44  Lozoff B, Klein NK, Nelson EC, et. al. Behavior of infants with iron-deficiency anemia. Child Dev 1998  

Feb;69:24-36.

45  Roncagliolo M, Garrido M, Walter T, et. al. Evidence of altered central nervous system development in infants 

with iron deficiency anemia at 6 mo: delayed maturation of auditory brainstem responses. Am J Clin Nutr  

1998 Sep;68:683-90.

46  Lozoff B, Jimenez E, Hagen J, et. al. Poorer behavioral and developmental outcome more than 10 years  

after treatment for iron deficiency in infancy. Pediatrics 2000 Apr;105:E51.

47  Algarin C, Peirano P, Garrido M, et. al. Iron deficiency anemia in infancy: long-lasting effects on auditory  

and visual system functioning. Pediatr Res 2003 Feb;53:217-23.

48  Lozoff B, De Andraca I, Castillo M, et. al. Behavioral and developmental effects of preventing iron-deficiency 

anemia in healthy full-term infants. Pediatrics 2003 Oct;112:846-54.

49  Lozoff B, Beard J, Connor J, et. al. Long-lasting neural and behavioral effects of iron deficiency in infancy.  

Nutr Rev 2006 May;64:S34-S43.

50  Peirano PD, Algarin CR, Chamorro R, et. al. Sleep and neurofunctions throughout child development:  

lasting effects of early iron deficiency. J Pediatr Gastroenterol Nutr 2009 Mar;48 Suppl 1:S8-15.

51  Lozoff B, Clark KM, Jing Y, et. al. Dose-response relationships between iron deficiency with or without  

anemia and infant social-emotional behavior. J Pediatr 2008 May;152:696-702, 702.

52  Shafir T, Angulo-Barroso R, Jing Y, et. al. Lozoff B. Iron deficiency and infant motor development. Early Hum  

Dev 2008 Jul;84:479-85.

53  Peirano PD, Algarin CR, Garrido MI, et. al. Iron deficiency anemia in infancy is associated with altered temporal 

organization of sleep states in childhood. Pediatr Res 2007 Dec;62:715-9.

54  Peirano P, Algarin C, Garrido M, et. al. Iron-deficiency anemia is associated with altered characteristics of  

sleep spindles in NREM sleep in infancy. Neurochem Res 2007 Oct;32:1665-72.

55  Burden MJ, Westerlund AJ, Armony-Sivan R, et. al. An event-related potential study of attention and recognition 

memory in infants with iron-deficiency anemia. Pediatrics 2007 Aug;120:e336-e345.

56  Lozoff B, Corapci F, Burden MJ, et. al. Preschool-aged children with iron deficiency anemia show altered affect 

and behavior. J Nutr 2007 Mar;137:683-9.

57  Walker SP, Wachs TD, Gardner JM, et. al. Child development: risk factors for adverse outcomes in developing 

countries. Lancet 2007 Jan 13;369:145-57.

58  Lozoff B, Georgieff MK. Iron deficiency and brain development. Semin Pediatr Neurol 2006 Sep;13:158-65.

59  Lozoff B, Jimenez E, Smith JB. Double burden of iron deficiency in infancy and low socioeconomic status:  

a longitudinal analysis of cognitive test scores to age 19 years. Arch Pediatr Adolesc Med 2006 Nov;160:1108-13.

General introduction1



41

C
H

A
PT

ER
 1

60  Shafir T, Angulo-Barroso R, Calatroni A, et. al. Effects of iron deficiency in infancy on patterns of motor 

development over time. Hum Mov Sci 2006 Dec;25:821-38.

61  Peirano P, Algarin C, Chamorro R, et. al. Iron deficiency anemia in infancy exerts long-term effects on the tibialis 

anterior motor activity during sleep in childhood. Sleep Med 2012 Sep;13:1006-12.

62  Felt BT, Peirano P, Algarin C, et. al. Long-term neuroendocrine effects of iron-deficiency anemia in infancy. 

Pediatr Res 2012 Jun;71:707-12.

63  Congdon EL, Westerlund A, Algarin CR, et. al. Iron deficiency in infancy is associated with altered neural 

correlates of recognition memory at 10 years. J Pediatr 2012 Jun;160:1027-33.

64  Chang S, Wang L, Wang Y, et. al. Iron-deficiency anemia in infancy and social emotional development in 

preschool-aged Chinese children. Pediatrics 2011 Apr;127:e927-e933.

65  Lozoff B. Early iron deficiency has brain and behavior effects consistent with dopaminergic dysfunction. J Nutr 

2011 Apr 1;141:740S-6S.

66  Angulo-Barroso RM, Schapiro L, Liang W, et. al. Motor development in 9-month-old infants in relation to cultural 

differences and iron status. Dev Psychobiol 2011 Mar;53:196-210.

67  Carter RC, Jacobson JL, Burden MJ, et. al. Iron deficiency anemia and cognitive function in infancy. Pediatrics 

2010 Aug;126:e427-e434.

68  Peirano PD, Algarin CR, Chamorro RA, et. al. Sleep alterations and iron deficiency anemia in infancy. Sleep Med 

2010 Aug;11:637-42.

69  Lozoff B, Armony-Sivan R, Kaciroti N, et. al. Eye-blinking rates are slower in infants with iron-deficiency anemia 

than in nonanemic iron-deficient or iron-sufficient infants. J Nutr 2010 May;140:1057-61.

70  Corapci F, Calatroni A, Kaciroti N, et. al. Longitudinal evaluation of externalizing and internalizing behavior 

problems following iron deficiency in infancy. J Pediatr Psychol 2010 Apr;35:296-305.

71  Armony-Sivan R, Zhu B, Clark KM, et. al. Iron deficiency (ID) at both birth and 9 months predicts right frontal EEG 

asymmetry in infancy. Dev Psychobiol 2016 May;58:462-70.

72  Lozoff B, Castillo M, Clark KM, et. al. Iron supplementation in infancy contributes to more adaptive behavior at  

10 years of age. J Nutr 2014 Jun;144:838-45.

73  Lozoff B, Smith JB, Kaciroti N, et. al. Functional significance of early-life iron deficiency: outcomes at 25 years.  

J Pediatr 2013 Nov;163:1260-6.

74  Algarin C, Nelson CA, Peirano P, et. al. Iron-deficiency anemia in infancy and poorer cognitive inhibitory control 

at age 10 years. Dev Med Child Neurol 2013 May;55:453-8.

75  Yadav D, Chandra J. Iron deficiency: beyond anemia. Indian J Pediatr 2011 Jan;78:65-72.

76  English E, Idris I, Smith G, et. al. The effect of anaemia and abnormalities of erythrocyte indices on HbA1c 

analysis: a systematic review. Diabetologia 2015 Jul;58:1409-21.

77  Salah N, El Hamid FA, Abdelghaffar S, et. al. Prevalence and type of anaemia in young Egyptian patients  

with type 1 diabetes mellitus. East Mediterr Health J 2005 Sep;11:959-67.

78  Tarim O, Kucukerdogan A, Gunay U, et. al. Effects of iron deficiency anemia on hemoglobin A1c in type  

1 diabetes mellitus. Pediatr Int 1999 Aug;41:357-62.

79  Dutch Pediatric Society. Iron deficiency anemia [Dutch Pediatric Society Web site]. Available at:  

http://www.hematologienederland.nl/ijzergebreksanemie. January 1, 2012. Accessed November 14, 2016. 

General introduction 1



42

C
H

A
PT

ER
 1

80  Daly A, MacDonald A, Aukett A, et. al. Prevention of anaemia in inner city toddlers by an iron supplemented 

cows' milk formula. Arch Dis Child 1996 Jul;75:9-16.

81  Gill DG, Vincent S, Segal DS. Follow-on formula in the prevention of iron deficiency: a multicentre study.  

Acta Paediatr 1997 Jul;86:683-9.

82  Gondolf UH, Tetens I, Michaelsen KF, et. al. Iron supplementation is positively associated with increased serum 

ferritin levels in 9-month-old Danish infants. Br J Nutr 2013 Jan 14;109:103-10.

83  Morley R, Abbott R, Fairweather-Tait S, et. al. Iron fortified follow on formula from 9 to 18 months improves  

iron status but not development or growth: a randomised trial. Arch Dis Child 1999 Sep;81:247-52.

84  Sazawal S, Dhingra U, Dhingra P, et. al. Micronutrient fortified milk improves iron status, anemia and growth 

among children 1-4 years: a double masked, randomized, controlled trial. PLoS One 2010;5:e12167.

85  Serdula MK, Lundeen E, Nichols EK, et. al. Effects of a large-scale micronutrient powder and young child feeding 

education program on the micronutrient status of children 6-24 months of age in the Kyrgyz Republic. Eur J  

Clin Nutr 2013 Jul;67:703-7.

86  Szymlek-Gay EA, Ferguson EL, Heath AL, et. al. Food-based strategies improve iron status in toddlers: a 

randomized controlled trial12. Am J Clin Nutr 2009 Dec;90:1541-51.

87  Thankachan P, Selvam S, Surendran D, et. al. Efficacy of a multi micronutrient-fortified drink in improving iron 

and micronutrient status among schoolchildren with low iron stores in India: a randomised, double-masked 

placebo-controlled trial. Eur J Clin Nutr 2013 Jan;67:36-41.

88  Villalpando S, Shamah T, Rivera JA, et. al. Fortifying milk with ferrous gluconate and zinc oxide in a public 

nutrition program reduced the prevalence of anemia in toddlers. J Nutr 2006 Oct;136:2633-7.

89  Virtanen MA, Svahn CJ, Viinikka LU, et. al. Iron-fortified and unfortified cow's milk: effects on iron intakes and iron 

status in young children. Acta Paediatr 2001 Jul;90:724-31.

90  Sazawal S, Black RE, Ramsan M, et. al. Effects of routine prophylactic supplementation with iron and folic acid  

on admission to hospital and mortality in preschool children in a high malaria transmission setting: community-

based, randomised, placebo-controlled trial. Lancet 2006 Jan 14;367:133-43.

91  Braegger C, Campoy C, Colomb V, et. al. Vitamin D in the healthy European paediatric population. J Pediatr 

Gastroenterol Nutr 2013 Jun;56:692-701.

92  Holick MF. Vitamin D deficiency. N Engl J Med 2007 Jul 19;357:266-81.

93  Misra M, Pacaud D, Petryk A, et. al. Vitamin D deficiency in children and its management: review of current 

knowledge and recommendations. Pediatrics 2008 Aug;122:398-417.

94  Christakos S, Ajibade DV, Dhawan P, et. al. Vitamin D: metabolism. Endocrinol Metab Clin North Am 2010 

Jun;39:243-53, table.

95  Blau JE, Collins MT. The PTH-Vitamin D-FGF23 axis. Rev Endocr Metab Disord 2015 Jun;16:165-74.

96  Saggese G, Vierucci F, Boot AM, et. al. Vitamin D in childhood and adolescence: an expert position statement.  

Eur J Pediatr 2015 May;174:565-76.

97  Shin JS, Choi MY, Longtine MS, et. al. Vitamin D effects on pregnancy and the placenta. Placenta 2010 

Dec;31:1027-34.

98  Saraff V, Shaw N. Sunshine and vitamin D. Arch Dis Child 2016 Feb;101:190-2.

General introduction1



43

C
H

A
PT

ER
 1

99  European Food Safety Authority. Dietary reference values for vitamin D [EFSA Web site]. Available at: https://

www.efsa.europa.eu/en/efsajournal/pub/4547. June 29, 2016. Accessed: August 26, 2016. 

100  Dawodu A, Tsang RC. Maternal vitamin D status: effect on milk vitamin D content and vitamin D status of 

breastfeeding infants. Adv Nutr 2012 May 1;3:353-61.

101  Calvo MS, Whiting SJ, Barton CN. Vitamin D fortification in the United States and Canada: current status and data 

needs. Am J Clin Nutr 2004 Dec;80:1710S-6S.

102  Maguire JL, Birken CS, Khovratovich M, et. al. Modifiable determinants of serum 25-hydroxyvitamin D status in 

early childhood: opportunities for prevention. JAMA Pediatr 2013 Mar 1;167:230-5.

103  Maguire JL, Lebovic G, Kandasamy S, et. al. The relationship between cow's milk and stores of vitamin D and  

iron in early childhood. Pediatrics 2013 Jan;131:e144-e151.

104  Ocke MC, van Rossum CTM, Fransen HP, et. al. Dutch National Food Consumption Survey Young 

Children 2005/2006 [RIVM Web site]. February 20, 2008. Available at: http://www.rivm.nl/bibliotheek/

rapporten/350070001.pdf. Accessed November 25, 2016. 

105  Prietl B, Treiber G, Pieber TR, et. al. Vitamin D and immune function. Nutrients 2013 Jul 5;5:2502-21.

106  Voedingscentrum. Eerlijk over eten [Voedingscentrum Web site]. 2014. Available at: http://www.

voedingscentrum.nl/nl.aspx. Accessed December 30, 2014. 

107  Infant & Toddler Forum. Vitamin D - Advice on supplements for at risk groups [Infant & Toddler Forum Web site]. 

2014. Available at: http://www.infantandtoddlerforum.org/. Accessed December 30, 2104. 

108  Deutsche Gesellschaft fur Ernahrung. Referenzwerte fur die Nahrstoffzufuhr Vitamin D [Deutsche Gesellschaft 

fur Ernahrung Web site]. January 1, 2013. Accessed February 9, 2015. 

109  Houghton LA, Gray AR, Szymlek-Gay EA, et. al. Vitamin D-fortified milk achieves the targeted serum 

25-hydroxyvitamin D concentration without affecting that of parathyroid hormone in New Zealand toddlers. J 

Nutr 2011 Oct;141:1840-6.

110  Hower J, Knoll A, Ritzenthaler KL, et. al. Vitamin D fortification of growing up milk prevents decrease of serum 

25-hydroxyvitamin D concentrations during winter: a clinical intervention study in Germany. Eur J Pediatr 2013 

Dec;172:1597-605.

111  Madsen KH, Rasmussen LB, Andersen R, et. al. Randomized controlled trial of the effects of vitamin D-fortified 

milk and bread on serum 25-hydroxyvitamin D concentrations in families in Denmark during winter: the VitmaD 

study. Am J Clin Nutr 2013 Aug;98:374-82.

112  Piirainen T, Laitinen K, Isolauri E. Impact of national fortification of fluid milks and margarines with vitamin D 

on dietary intake and serum 25-hydroxyvitamin D concentration in 4-year-old children. Eur J Clin Nutr 2007 

Jan;61:123-8.

113  Best C, Neufingerl N, Del Rosso JM, et. al. Can multi-micronutrient food fortification improve the micronutrient 

status, growth, health, and cognition of schoolchildren? A systematic review. Nutr Rev 2011 Apr;69:186-204.

114  Abdul-Razzak KK, Khoursheed AM, Altawalbeh SM, et. al. Hb level in relation to vitamin D status in healthy 

infants and toddlers. Public Health Nutr 2012 Sep;15:1683-7.

115  Jin HJ, Lee JH, Kim MK. The prevalence of vitamin D deficiency in iron-deficient and normal children under the 

age of 24 months. Blood Res 2013 Mar;48:40-5.

General introduction 1



44

C
H

A
PT

ER
 1

116  Lee JA, Hwang JS, Hwang IT, et. al. Low vitamin D levels are associated with both iron deficiency and anemia  

in children and adolescents. Pediatr Hematol Oncol 2015 Mar;32:99-108.

117  Sharma S, Jain R, Dabla PK. The Role of 25-Hydroxy Vitamin D Deficiency in Iron Deficient Children of North India. 

Indian J Clin Biochem 2015 Jul;30:313-7.

118  Yoon JW, Kim SW, Yoo EG, et. al. Prevalence and risk factors for vitamin D deficiency in children with iron 

deficiency anemia. Korean J Pediatr 2012 Jun;55:206-11.

119  Takeyama K, Kitanaka S, Sato T, et. al. 25-Hydroxyvitamin D3 1alpha-hydroxylase and vitamin D synthesis. 

Science 1997 Sep 19;277:1827-30.

120  Smith EM, Tangpricha V. Vitamin D and anemia: insights into an emerging association. Curr Opin Endocrinol 

Diabetes Obes 2015 Dec;22:432-8.

General introduction1




