Estimating the prevalence of iron deficiency in the first two
years of life: technical and measurement issues

Blair M Cameron and Lynnette M Neufeld

National-level data on iron deficiency is not available for most countries and many
rely on the prevalence of anemia as a proxy estimate, assuming that approximately
50% of anemia cases are caused by iron deficiency. Anemia, however, has multiple
causal factors and the risk attributable to any one cause will depend on its relative
importance in a population in relation to other causes. The present review
summarizes current estimates on the prevalence of iron deficiency and anemia in
children younger than 2 years and evaluates the strengths and weaknesses of
currently available indicators of iron deficiency in children. Anemia prevalence is
insufficient to estimate the prevalence of iron deficiency in children younger than 2
years. The methods widely used to assess iron deficiency at the population level rely
on venous blood samples and are complicated and costly to implement.
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INTRODUCTION

Anemia is a major public health concern around the
world. It is estimated that up to two billion people are
anemic, with women and young children at highest risk of
adverse health consequences from this condition.' It has
been estimated that approximately 50% of anemia is due
to iron deficiency (ID).? Infants and young children are at
particular risk for developing ID due to their rapid
growth in the first 2 years of life and to the use of comple-
mentary foods with low iron content and/or poor
bioavailability.

The iron pool of infants is dynamic and difficult to
characterize.>* In this early phase of life, growth and
cognitive development are progressing rapidly and the
danger of prolonged ID is greatest. A growing body of
literature shows the negative and possibly irreversible
effect that ID in infancy has on mental, behavioral, and
motor development.”® The magnitude and consequences
of ID warrant interventions in populations at high risk.
This highlights the need for accurate, efficient, and eco-
nomical tools for the identification of iron status in infant
populations.

The objective of this review is to summarize current
estimates on the prevalence of ID and anemia in children
younger than 2 years and to review the strengths and
weaknesses of currently available indicators of ID in
children.

IDENTIFICATION OF ANEMIA AND IRON DEFICIENCY
IN INFANTS

Anemia, diagnosed as a hemoglobin concentration below
a given cutoff point (110 g/L for infants), reflects insuffi-
ciency in the mass of circulating red blood cells.' In indi-
viduals, the cause of anemia is identified based on a
combination of family history, patient history (i.e., length
of gestation, sources of blood loss, or parasitic infection),
dietary intake and sources and inhibitors of iron absorp-
tion, and biochemical measures of iron status, among
other hematological tests.** If hemoglobin is low and ID
is suspected (as a result of biochemical tests and/or
patient history), dietary counseling about iron sources
and a 2-month course of iron supplementation is re-
commended. Some recommend that the diagnosis of
iron-deficiency anemia (IDA) be confirmed only after
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Figure 1 Determinants of hemoglobin concentration and the risk of anemia in populations.

treatment for ID is completed and be based on whether
the hemoglobin concentration responded to treatment.”'
Typically, due to the difficulty associated with interpret-
ing normal values in infants, measures of hemoglobin
concentration are not obtained until the age of 9-12
months, or 6 months for at-risk infants (i.e., low-birth-
weight and premature infants)."

Although thorough, this process is impractical for
determining iron status in populations. In many coun-
tries and in global databases,' anemia prevalence has
been used as a proxy measure of ID. In infants between
the ages of 6 and 24 months, anemia is determined as
a hemoglobin concentration <110 g/L. Anemia is an
important indicator of health status (in individuals and
populations) but the extent to which it is an appropriate
indicator of iron status has been strongly criticized.">"
Use of hemoglobin concentration is highly practical and
can be assessed immediately in field studies using a single
drop of capillary blood, avoiding the need for processing,
transportation, and storage of samples. However, many
factors other than iron status influence hemoglobin con-
centration, including, possibly, the source of the blood
sample (capillary or venous blood)" and the altitude
above sea level at which the individual resides; cutoff
points also vary by age, sex, and physiological status.
Recent estimates suggest that between 22% and 33% of
infants and young children in low-income countries have
IDA,"” whereas estimates of the prevalence of anemia
range from 5% to over 90% in many of these same coun-
tries.”*'® Many other nutritional and non-nutritional
causes of anemia have been identified, including defi-
ciency of other micronutrients (vitamin A, folic acid,
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vitamin By,), parasitic infection (e.g., malaria, helminth),
genetic disorders, and chronic infection and disease,
among others (Figure 1).

It has been estimated that 50% of anemia cases are
caused by ID."” However, the exact origin of this calcula-
tion and a clear definition of the assumptions used to
generate it are not clear. Furthermore, in populations, the
risk attributable to any individual cause of anemia will
depend on the prevalence of that cause in relation to
others in the population.'® Given the vast variability in the
distribution of malaria, hemoglobinopathies, and other
causes among countries, it is likely that this figure is not
accurate in all contexts.

For nutritional surveillance data to be useful to coun-
tries, reliable estimates of the prevalence of health prob-
lems and their underlying direct and indirect causes are
required.”” The prevalence of anemia permits assessment
of the burden of disease in populations but it is not an
adequate estimate of the extent to which this is due to ID
and/or other causes. Therefore, it is also not sufficient to
provide the necessary information for the design or
evaluation of programs to alleviate the problem. There is
a clear need for consensus on which biomarkers are
appropriate for measuring the iron status of infants and
young children in populations.

BIOMARKERS OF IRON STATUS IN INDIVIDUALS
AND POPULATIONS

A wide variety of biomarkers exist for the assessment of

iron status as used in a variety of clinical and population-
level settings (Table 1). The sensitivity, specificity, and fea-
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Table 1 Biomarkers for the assessment of iron status
in individuals and populations.
Biomarkers not discussed in Biomarkers discussed
the present review in the present

review

Bone marrow iron

Erythrocyte
protoporphyrin

Hematocrit

Hepcidin

Mean cell volume

Mean cell hemoglobin

Non-transferrin-bound

Hemoglobin

Zinc protoporphyrin

Total iron-binding
capacity

Transferrin saturation

sTfR

Serum ferritin

Serum or plasma iron

iron

Red cell distribution
width

Reticulocyte hemoglobin
concentration

sTfR/serum ferritin
ratio

Body iron stores

Abbreviation: sTfR, soluble transferrin receptor.

sibility of each for identifying ID and iron excess vary
greatly. This review focuses on the subset of biomarkers
used widely in population settings, specifically hemoglo-
bin, serum ferritin (SF), soluble transferrin receptor
(sTfR), zinc protoporphyrin (ZPP), and measures used in
the calculation of transferrin saturation (TSat) (serum
iron and total iron-binding capacity). The application and
methodology for the others are reviewed fully in the pub-
lications of Gibson® and Bowman and Russell.”!

The recommended biomarkers and their cutoff
points for the diagnosis of ID and anemia issued by the
World Health Organization (WHO) over the past 50

years are presented in Table 2. With each report, the spe-
cific diagnostic criteria recommended for ID and IDA
have varied over time. In the 1950s, hemoglobin was iden-
tified as a measure of anemia, and the reference values for
identifying anemia in infants were similar to those exist-
ing today (hemoglobin <108 g/L).”> Other early mea-
sures were red blood cell count, packed cell volume, and
mean corpuscular hemoglobin. In a 2001 publication,"’
serum ferritin and erythrocyte protoporphyrin were
identified as indicators for assessing iron status in popu-
lations, although the suggested cutoff levels for determin-
ing ID using these indicators were modified in 2007.'
With the advent of immunoassay technology, increas-
ingly complex measures have become more common,
including sTfR. Zinc protoporphyrin (ZPP), plasma iron,
and transferrin saturation also received attention in this
publication.”” An ongoing review is currently being con-
ducted by the WHO of a number of iron status indicators,
with SE sTfR, and ZPP preliminarily identified for par-
ticular attention.”” The selection of indicators for the
assessment of iron status of populations is subject to a
number of constraints, including cost, technical consid-
erations (i.e., storage of samples), need for venipuncture,
and cultural practices.

Serum ferritin

SF is an iron storage protein and its concentration in
serum is a reflection of body iron stores. Since its use
began in the 1970s, SF has become one of the most widely
used biomarkers of iron status in populations, being used
extensively to evaluate the efficacy of interventions to
reduce ID."*** Even in the first stages of ID, SF reflects

Table 2 Biomarkers and historically recommended cutoff points for determining the iron status of infants.

Biomarker Recommendations

Recommendations from Recommendations

from WHO (1959)% UNICEF/UNU/WHO (2001)" from WHO/CDC (2007)"
Hemoglobin (for identification <108 g/L <110g/L <1109g/L
of anemia)

RBC 4.1 M/uL
PCV/Hct <32% <6.83 mmol/L
MCH 79 fm

-, <12 ug/L <5 ug/L to <20 ng/L
Serum ferritin 30 ug/L* depending o#age
Erythrocyte protoporphyrin >70 pg/dL RBC >80 wg/dL RBCs

>2.6 ug/g Hb >5-10 ng/g Hb

Plasma iron

Soluble transferrin receptor
Transferrin saturation

Zinc protoporphyrin

>61 mmol/mol heme
<50-60 pg/dL
>20 mg/L
<10-15%
>70-80 pg/dL RBCs

* Indicates depleted iron stores in the presence of infection, as measured by CRP or AGP.
Iron deficiency anemia in infants is typically identified as hemoglobin < 110 g/L (anemia) plus iron deficiency identified by abnormal

values for two of three used biomarkers.

Abbreviations: Hb, hemoglobin; RBC, red blood cell; PCV/Hct, packed cell volume/hematocrit; MCH, mean cell hemoglobin.
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body stores and can predict iron status with high
specificity and moderate sensitivity.?>***” SF is elevated in
infection and inflammation and values must therefore be
interpreted together with markers of acute-phase pro-
teins.”® In preschool-aged children (6-59 months), the
cutoft for a diagnosis of ID is an SF value of <12 ug/L;
however, in times of infection, SF values of <30 ug/L can
be indicative of ID." C-reactive protein and alphal-acid
glycoprotein are the most common biomarkers of
inflammation.”® However, as Bamberg* illustrates, SF is
dynamic with a wide range of normal values and
unknown laboratory values for infants under 6 months of
age with ID (see Bamberg* for descriptive table). Thus,
even taking into consideration the possibility of altered
values due to infection, there is some potential for diag-
nostic error. The major disadvantage of using SF for
population-level measures is the need for a specialized
laboratory for processing and the high cost of reagents,
estimated in 2007 as approximately 5-10 US dollars per
sample; this is in addition to the cost required to then
measure acute phase proteins.' Furthermore, few labora-
tories are capable of processing SF on very small serum
volumes and venous sampling is usually required.

Soluble transferrin receptor

Transferrin receptor is a membrane-bound protein that is
essential for importing circulating transferrin-bound
iron into the cell. The serum or soluble transferrin recep-
tor (sTfR) is a truncated version of the cellular transferrin
receptor, existing in the blood and detectable in serum
using an immunoassay (e.g., ELISA) or immunoturbi-
dometry.” sTfR levels increase as iron stores decrease and
are less affected by inflammation than SE reflecting the
intensity of erythropoiesis and iron demand.” Thus, it
has been suggested as an appropriate indicator of iron
status in populations with a high risk of infection or
inflammation, particularly in conjunction with SE. The
disadvantages of using sTfR to determine the iron status
of infants are that it indicates ID only when iron stores
have been exhausted, and it varies considerably in certain
population groups (e.g., it is increased in hemolytic
anemia and thalassemia).”” Additionally, the thresholds
for determining ID are unclear for different age ranges
within the first 24 months of life.* However, Olivares
et al.” have demonstrated that sTfR may be a more useful
indicator than SF for the identification of ID in infants.
Furthermore, each method or kit used has individual
cutoffs for detection, resulting in complex methods for
large population surveys and the potential for lack of
standardization. Like SE sTfR analysis is costly both in
terms of laboratory equipment requirements and testing,
with each sTfR sample analysis estimated to cost between
10 and 15 US dollars." At this time, sTfR is not recom-
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mended for use as the sole biomarker of iron status, thus
resulting in additional serum volume and increased costs
due to the need for multiple tests.

Zinc protoporphyrin

During normal erythropoiesis, iron is inserted into the
porphyrin ring complex of hemoglobin in the final step of
synthesis. However, in ID, a zinc ion is alternately incor-
porated, thereby increasing the concentration of ZPP. The
presence of ZPP can be detected using flourimetry tech-
niques and it can be quantified as a risk factor for ID.! The
use of ZPP detection in field surveys of infants may be
beneficial due to its small sample requirements (i.e., a
drop) and portable detection tools. However, the poor
specificity of ZPP for identifying ID is a significant limi-
tation of this technique. ZPP is elevated in response to
lead poisoning, chronic infections, and hemoglobinopa-
thies.” Additionally, quantification techniques vary,
leading to differing cutoff values indicative of ID and
limiting the potential to make comparisons across
surveys. Consensus regarding ZPP threshold cutofts,
specifically for infants younger than 2 years, are needed
before this biomarker can be used reliably for this group.

Serum iron, total iron-binding capacity, and
transferrin saturation

Serum iron and total iron-binding capacity rely on the
detection of transferrin, an iron-delivery protein found in
plasma. Detection of serum iron measures the amount
of ferric iron bound to serum transferrin and is thus
decreased in individuals with ID or chronic inflammatory
disorders." Serum iron does not detect iron that is con-
tained in hemoglobin and it fluctuates significantly
throughout the day and after meals, making it an inaccu-
rate method unless in reference to other measures of iron
status.” When combined with total iron-binding capac-
ity, a method that utilizes reagent iron to saturate a
sample of transferrin, these two indicators can be used to
calculate transferrin saturation (TSat). TSat estimates a
percentage of occupied iron-binding sites on transferrin.
A lower percentage, thus lower TSat value, is indicative of
diminished iron status. Like SF and sTfR, most laboratory
methods to measure serum iron and total iron-binding
capacity require an adequate aliquot of serum, which is
usually obtained only from venous samples. This presents
important limitations, particularly with respect to infant
subjects under 2 years of age.

Total body iron

Total body iron (TBI) is a measure that has been used to
estimate the quantity of iron in the body stores of neo-
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Table 3 Estimates of the worldwide prevalence of anemia in children

0-4.99 years of age by WHO region.

WHO region Anemia prevalence (1993-2005)
Total affected Prevalence (%)
population (in 000's)

Africa 93,200 64.6

Asia 170,000 47.7

Europe 6,100 16.7

LAC 22,300 39.5

North America 800 34

Oceania 700 28.0

Overall 293,100 474

Data from the World Health Organization'

Abbreviations: LAC, Latin America and the Caribbean.

nates at birth. TBI is estimated using hemoglobin concen-
tration and an estimate of body iron stores (usually SF),*
which provides a more complete picture of iron status
than either of the measures individually. Although its
application in population-level surveys could be limited,
it may be a useful indicator for assessing the impact of
intervention programs on iron status. It has been sug-
gested that TBI underestimates the total amount of body
iron in infants because the estimated cutoff values have
been extrapolated from adult males and limited data is
available on standard levels for infants.*

TECHNICAL AND CULTURAL CONSIDERATIONS IN
SELECTING BIOMARKERS FOR ASSESSING IRON STATUS
IN POPULATIONS

When selecting biomarkers for surveys of iron status or
the evaluation of interventions in lower-income coun-
tries, a number of technical and cultural factors must be
taken into consideration. The need for venous blood
samples, as required by a number of iron-status indica-
tors, requires cold-chain, adequate storage facilities
and standardized and adequately equipped laboratories.
Samples should not be collected in locations where
minimum quality control criteria for the sampling and
the handling and processing of samples cannot be guar-
anteed. Although obtaining venous blood samples from
infants younger than 24 months of age has been deemed
a low-risk procedure, it has also been suggested that
taking venous blood samples from severely iron-deficient
infants and small children may exacerbate the condi-
tion.”*** In this case, strategies should be in place within a
survey to ensure that iron stores can be replenished using
appropriate supplements.

Attention to cultural acceptance of public health
research techniques is integral to the success of surveil-
lance and evaluation strategies. For example, it has been
reported that in many parts of Africa, taking blood
samples is a sensitive issue, with some participants report-
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ing skepticism of research motivations and reluctance to
participate due to cultural beliefs.”” In a sample of 23
Malawian mothers, 47% reported that the collection of a
15-mL blood sample from infants was too large of a
sample.”® Although these barriers may be overcome by
adequate education and information, local beliefs in rela-
tion to blood sampling should be taken into consider-
ation when training field staff to adequately respond to
concerns, particularly in situations in which sampling
from infants and small children is vital.

REGIONAL WORLDWIDE PREVALENCE OF ANEMIA AND
IRON-DEFICIENCY ANEMIA

The WHO collects international data on micronutrient
status in the Vitamin and Mineral Nutrition Information
System.'" Currently, data in this system are limited to
vitamin A, iodine, and anemia prevalence and detailed
nationally representative information on iron status is
lacking. In addition, the data are available only at the
national level and do not include estimates of within-
country variations in prevalence (Table 3).

Examples of estimated prevalence of iron deficiency
and anemia from nationally representative surveys in
different populations

In recent years, a number of nationally representative
micronutrient surveys have been conducted in Latin
America and elsewhere. The inclusion of hemoglobin
concentrations and measures of iron status in these
surveys provides a more accurate estimation of the iron
status of populations in these countries, but it also pro-
vides an opportunity to review some of the assumptions
related to the proportion of anemia that is due to ID. Not
only do the results of these surveys reveal the multifac-
eted nature of anemia among infants, they also serve to
illustrate the varied potential impact of targeted pro-
gramming and the need for relevant biomarkers to guide
these decisions.
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Figure 2 Prevalence of anemia and iron deficiency in children in varying countries.

The recent Mexican National Nutrition Surveys
(completed 1999 and 2006) provide an opportunity to
illustrate the importance of collecting data on both
anemia and ID in infants and on the benefits of subna-
tional as well as nationally representative surveys. In
1999, at the national level in Mexico, 13.1% of infants
between the ages of 6 and 11 months and 48.9% of infants
aged 12-24 months were anemic (hemoglobin <110 g/
L).” As has been reported elsewhere,” anemia prevalence
was more pronounced among children from rural com-
pared to urban areas (52.9% and 46.8%, respectively, in
12-24-month-old infants). Additionally, socioeconomic
status, participation in food assistance programs, altitude,
and non-indigenous ethnicity were all positively associ-
ated with hemoglobin concentration and thus with preva-
lence of anemia.”* As expected, the prevalence of ID
(TSat < 16%) was higher than that of anemia (66.6% in
children 12-24 months of age). Like anemia, this preva-
lence of ID varied regionally (north, central, and south)
and between urban and rural communities.

Analyzing data from a larger age range (0.5-11
years), it was found that approximately 62% of cases of
anemia were associated with ID, and more than 20% of
anemia cases in children were not associated with ID.*! In
children with IDA (low hemoglobin and TSat), 68% had
abnormal serum concentrations of other nutrients that
were possible contributors to anemia (30% ascorbic acid;
40.6% retinol; 11.7% folate). Additionally, the authors
reported that deficiencies in vitamin A and folic acid,
especially, were associated with non-ID anemia. An esti-
mate of anemia associated with non-nutritional causes
was not presented.
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Other settings have presented a similarly complex
picture of anemia prevalence in children. For example, a
recent report on children in northern Thailand revealed
that among a sample of 190 schoolchildren aged 10-11
years,anemia prevalence was 13.5%, with only two cases of
ID in the entire sample, both of whom were not anemic
(Figure 2).* Interestingly, 61.1% of the total population
and 88% of anemic children had a thalassemia or other
hemoglobinopathy. This is contrasted with 0.5-11-year-
old Mexican children among whom ID was apparent in
62.2% of anemic children.*' A cross-sectional survey of
children and adults in Cote d’Ivoire revealed that approxi-
mately 50% of preschool children (2-5 years of age) had
anemia.” A staggering 80% of these study subjects were
found to have ID and anemia (Figure 3). In this malaria-
endemic setting, over 50% of children had malaria,
although malaria incidence was not correlated with iron
status. The authors noted that high rates of infection could
have influenced laboratory indexes of iron status.

The estimation of anemia prevalence is vital for
understanding the health of populations. However, as the
above examples illustrate, the assumption that 50% of
anemia is due to ID is likely not appropriate in all con-
texts. Until field-friendly, economical estimates of ID can
be developed and tested, a better algorithm for the esti-
mation of anemia due to ID based on the likely contribu-
tion of nutritional and other causes is urgently needed.

CONCLUSION

ID and anemia among infants are critical public health
issues that warrant the implementation of targeted solu-
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Figure 3 Proportion of anemia attributed to iron deficiency in varying countries. Children had anemia (hemoglobin
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tions. In low-income countries, approximately one of
every two children suffers from anemia. Unless national
data on indicators of iron status are available, at this time,
estimates of the extent to which anemia is due to iron
status are inadequate. ID is one major contributor to
anemia around the world, but current methods for assess-
ing the iron status of populations are insufficient. Bio-
markers continue to rely on venous blood sampling and
are costly and impractical for widespread use in infant
populations in many countries.

There have been a number of recent efforts to review
and improve the quality of indicators and ensure the
appropriate utilization and interpretation of indicators of
iron status. In September 2010, the WHO led a review of
biochemical indicators used in the assessment of iron and
vitamin A status in populations, supported by the Micro-
nutrient Initiative, US Centers for Disease Control, and
Prevention and the Government of Luxembourg.”> The
results of this review are expected in the coming months.
However, it will take years before these recommendations
integrate fully into survey measures and before nationally
representative data are collected and reported. Also in
2010, a group of researchers met at the International
Atomic Energy Agency to discuss the current knowledge
and research needs related to biomarkers, including iron.
This initiative, led by the National Institutes of Health
with support from the Bill and Melinda Gates Foun-
dation  (http://www.iaea.org/NewsCenter/News/2010/
biomarkers.html) is an attempt to gain consensus related
to the appropriate uses and needs related to biomarkers
and to stimulate research to improve them.
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