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Introduction

Iron deficiency is the most commonly recognized
form of nu’ritional deficiency in developing
countries as well as in affluent societies. It is
particularly prevalent among infants and young
children because rapid growth imposes large iron
needs and because most infant dicts contain a
marginal supply of iron. In recent years. iron
requirements dunng early development have become
better defined and greater attention 1s being paid not
only to preventing deficiency. but also to avoiding
unnecessary supplementation.” Studies of iron
absorption have shown that the form of iron in the
diet is at least as important as the amount. and that
the age at which iron 1s administered influences its

effectiveness. Much of this information is already
being applied in new recommendations for infant
feeding, in iron-fortification® of infant foods. and in
planning school lunches, all of which are effective
means of preventing iran deficiency in infants and
children. Despite 11 -apid accumulation of new
information. the dive. aty of dietary practices and
economic circurnstances in various parts of the world
pose special problems that call for a variety of
solutions. In this report we will review some of the
characteristics of iron metabolism and nutrition in
infants and children and discuss the application of
this information to the prevention of iron deficiency.

*In accord with recent INACG and WHO publications, the
term “fortification” will be applied to the addition of a
nutrient (iron) to a food. whereas “supplementation” will
refer to use of that nutrient in liquid or tablet form.



II.

Salient Features of Iron Metabolism

A lron Compounds in the Bodv amd Therr
Function * [ron-contaiminy, compounds in the body
may be grouped conveniently into two categories: (a)
those that serve metabolic or enzymatic funchions.
and tb1 those associated with iron storage. The first
category includes  hemoglobin.  myoglobin,  the
cytochromes. and  several  other  proteins  that
tunction in the transport. storage. and utilization ot
oxygen Depending on the stage of development.
these compounds account for 25 to 55 mg kg body
weight more than 80 ot which 1s1n hemoglobin ¢

The <torage compounds account for 5 to 25 myg
1on kg body weight. primanly as terntin and
hetnosidenn These compounds are involved 1n the
mamntenance ot iron homeastasis. When the supply
of dietarv iron becomes nadequate. 1iron 1s mobihzed
trom ferntin and hemoadenin and serves to maintain
the praduction of hemoglobin and other iron
compourids with known metabolic functions.* * not
until this production becomes restricted 15 there likely
10 be any impairment ot body function.

B. fron Balance A distinctive teature of iron
metabolism 15 the remarkable extent to which the
body conserves and re-utilizes 1ron once 1t has been
absorbed The quantity of body ron 1s normaily
maintained within narrow hmits at each stage of
growth and development. This 15 accomplished
primanly thiough the regulation of intake: at the
placental interface in the fetus. and post-natally by
the intestinal mucosa The amaunt assimilated each
day 1s a smal! fraction of the total in the diet. but its
regulation 15 the means by which iron homeostasis is
maintained. Iron excretion occurs primanily through
desquamation of the cells of the intestinal mucosa.
The amount of iron lost n this manner 15 relatively
fixed and is thought to vary over no more than a

four-fold range in response to iron deficiency or
overload.* * This relatively restricted range of iron
loss indicates the importance of absorption as .he
determining factor in iron homeostasis.

The degree of iron absorption may vary considerably
depending on the abundance of body iron stores. the
form and amount of iron in foods. and on the
combination of foods in the diet. The major
difference in iron balance between infants or children
and adults is in the degree of their dependence on
dietary iron. In adult men. about 95% of the iron
required for the production of red blood cells is
recycled from the breakdown of senescent red cells
and only 5% comes from dietary sources.® In
contrast. the one-year old infant. due to his rapid
growth, is estimated to derive less than 70% of red
cell iron from senescent red cells and requires about
30% from the diet (Table I).

C.Iron Absorption."* ™ 1. Heme uvs. non-heme
finorgamc) iron. Food iron exists primarily in the
non-heme form of inorganic iron Il (ferric)
complexes. with a smaller amount present in the
heme proteins. hemoglobin, and myoglobin. which
are present in meat. Inorganic iron Il complexes in
food are iroken down during digestion, and the iron
is partly veduced to the more readily absorbed iron Il
tferrous) form. This conversion is facilitated by
endogenous factors such as hydrochluric acid in the
gastric secretions and by dietary constituents such as
ascorbic acid. Ascorbic acid also enhances
assimilation of ionic iron by another mecharism, the
formation of readily absorbed iron-ascorbat.
complexes. Absorption of non-heme iron can be
decreased by a number of dietary constituents such
as phosphate and oxalate, which form insoluble iron
compounds, a process that is favored by the alkaline



TABLE I.
GREATER DEPENDENCE ON DIETARY IRON IN THE INFANT COMPARED TO
THE ADULT MALE

Infant. Age 1 Year Adult Man
(Wt 10 Kg) (Wt: 70 Kg)
Hemoglobin lron
In Circulation 270.0 mg 2,200 ng
Turnover day’ 2.3mg 18 mg
Dietary Iron
Assimilated day * 0.7 mg 0.9 mg
% of Hgb lror Turmover 30% 5%

*based or a red cell htespan of 120 days

“from reterences 3 and 10 ror ntants and 9 for the adult

environment of the small intestine  Absorption of
mnorganic iron s also decreased by the presence of
food hit:er and by certain metal chelators

The smaller portion of dietary iron that is present in
the form of heme is handled differently from non-
heme iron Heme 15 split from the globin portions of
hemoglobin and myoglobin in the intestinal lumen.
The heme 15 then assimilated intact by the intestinal
mucosa. and 1omic iron 15 released by a heme-splitting
enzyme within the mucosal cell. Dietary constituents
that decrease the absorption of non-heme iron
appear ts have significantly less effect on heme iron:
a larger percentage of the dietary heme iron is
therefore assimilated. In one study. for example,
37% of the heme 1iron was absorbed from a test meal
in contrast to only 5% of the non-heme iron.* Thus,
the quantitative relationship between heme and non-
heme iron in the diet strongly influences the
percentage of food iron that will be absorbed.

In infancy. there is almost no heme iron in the diet
during the period when milk 1s the major source of
calories The relatively small amount of iron 1in milk
is pnmarily in the non-heme form. After infancy. the
amount of heme iron in the diet will increase at
varying rates and to varying degrees according to
eating patterns in different parts of the world. For
example. the per capita intake of heme iron among
adults in Australia, the United States and Sweden is
estimated to be greater than 2.5 mg/day. In Tanzania
and India it is less than 1.0 mg/day.

2. Quantitation of iron absorption. A reliable

method of quantitating iron absorption is essential
for determining which diets and methods of food
fortification are likely to be successful in preventing
iron deficiency. During the Jlast Jccade, the
techniques for measuring iron absorption have
become more refined as radioisotopic techniques
have supplanted the more tedious and imprecise
balance methods. Many recent studies have
employed the whole body counter to measure the
amount of isotope retained after oral administration.
Iron absorption can also be estimated from the
amount of isotope incorporated into ht nuglobin,
measured in a sample of peripheral blood.

The most physiologic method of studying iron
absorption involves feeding biosynthetically labelled
plant and animal foods. Iron absorption frem many
foods has been studied by this laboricus method.
Fortunately. subsequent studies established that
dietary iron absorption takes place from two pools, a
heine iron and a non-heme iron pool, each of which
can be labelled with a different radioactive isotope of
iron.**'* Under the proper conditions'*'’* the
labelled heme and non-heme iron added to food will
exchznge in the intestinal lumen with the
corresponding forms of intrinsic dietary iron in the
food or meal. In diets that contain little heme iron,
total iron absorption can be measured with
considerable accuracy by using a single non-heme
iron isotope. These and other studies which were
recently reviewed'® have advanced the methodology
and make it more practical than previously to
measure iron absorption from foods or meals.



Despite standardization of experimental conditions,
individual values for iron absorptior fluctuate
considerably among individuals with comparable
iron stores and even in repeated stud:es on the same
individual. However, relatively consistent results are
obtained for specific foods or standard meals when
absorption of iron is measured in sufficiently large
groups of individuals.

3. Results of wron absorption studies.

a.

Standard doses of non-heme iron under fasting
conditions

When a standard dose of labelled iron (0.56 mg
“Fe(ll) with 17.0 mg ascorkate, a 1:10 molar
ratio) 1s administered under fasting conditions,
an :averse relationship between stainable bone

marrow iron and iron absorption is evident
both in children'  and adults (Fig. 1).
However, there is a tendency to higher
absorption values in children that can be
largely attributed to their noimal tendency to
have scant iron stores. Thus. extrapolating
absorption data obtained from adults will
generally result in an underestimation of the
percentage of iron absorbed by infants and
children. Studies in both children and adults
show that the intestinal mucosa plays a
homeostatic role in decreasing iron absorption
when stores are abundant and in increasing
absorption when stores are diminished. This
adaptive response favors the self-correction of
mild iron depletion in infants and children,
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within the conslraints imposed by the diet.
Also, a dose of fortification or supplemental
iron will be better utilized when it is given for
an established dehiciency than when 1t is
administered 1n anticipation of future need.
This consideration apphes particularly to the
first few months of hfe. when infants have
abundant iron stores and iron s less well
absorbed (Fig 21 ¢ A higher percentage of iron
15 absorbed during later infancy when iron
stores are marginal.

Iron absorption trem single foods  The
percentage of ron ansorbed by adults from
individual. biosvnthetically labelled toods
averages from a mean ot lo < than 1% 1o over
20 [ron 1 absorbed least well trom toods
of vegetable origin «nd best from meat.

Iron absorption from infant foods has been less
extensively studied and alinost entirely with
exogenous label. In interpreting the results,
both the percent and the amount absorbed
from an average daily intake should be
considered (Fig. 3). Milk. for example, is the
dominant source of calories during the first
year of life and the major determinant of infant
nutrition: other foods are eaten in much
smaller quantities. Both breast milk and cow’s
milk are unusually iron-poor foods.* The iron
content of hreast milk gradually falls from
about 0.5 mg liter during the first month after
birth to about 0.3 mg liter between 4 and 6
months of age.** The iron content of cow’s
milk or unfortified cow’s milk formula may be
influenced by introduction of contaminating
exogenous iron in the course of its handiing:
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FIGURE 2-- AGE, MONTHS

DEVELOPMENTAL CHANGES IN ABSORITION OF IRON IN INFANCZY Studies were done by whole body
counter atter administration of 9 30 mg Fetls under tasting conditions [ron abcorption increases with age as
ron stores diminish These ¢ hanges aceur cazlier :o the preterm thann the termanfant The data are trom Gatae
et alit ard additonal unpublished results trom the came group

1
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FIGURE 3

iRON ABSORITION FRONM BREAST MILK AND INEANT FORMULA The percentagte of iron absorbed is
shown et letr Tretomalamount of sron asamilabion that would be predicted trom a usual dailv intake vi 750
whot breast mulh or tormula s shewn on the aght Calculations are based on absarption data in reterences 26
ard 27 The iron conteat af breast milk or tormula is ndicated at the tar left in myg per hiter

values ranse between about 0 5my hiter and may condition the intestinal mucosa in a
0 my hiter o0 Expressed in terms ol manner that facilitates iron absorption even
kilocalories bath human milk ond cow s milk when 1t is not administered with the breast
average less than | my: ot aron 1000 8Cal 10 milk.#* This possibility warrants further study.
contrast to the o me 1000 v Cal i the average
mixed dier ot developed countries. s the Most dron-fornfied  cow s ook formula,
concentration ot aron s decreased  turther contain between 11 and 12 mg iron per liter as
when cow s milk o diluted with water for wron(ll) sulfate or iron(l gluconate: this
YOung Intants represents about 15 'o 20 times the iron in
unfortificd milk. The mean absorption of iron
Despite the small amount ot iron 1n milk. from fortified formulas is about 4% %
d'fterences in the percentage ab orbed can Although the percentage absorbed is less than
have an important impact because milk half that of iron in unfortified formula, the
accounte tor most or all or the intant’s diet absolute amount of iron retained is more than
tFie. 3 An average of 39 ot the wron in six times greater (Fig. 31 Sirce the percentage
breast milk 1< absorbed. based on studies with of iron absorbed 15 inversely proportional to
an exceenous aon-heme iron label ©* this 1 an the amount administered. 1t is reasonable to
extranrdingnly migh figure compared to the anticipate that lower concentrations of
value 01 10 80 127 trom untortifted cous s nlk fortification iron would be almost as effective.
or com s milk tormula 0 Analogous results Indeed, the amount of iron retained from
were obtained wher exogenous sotope was formula containing 6 mg . added iron per liter
added to breast mak o7 cow’s milk fed to adult is almost equivalent to that with 12 mg per
subtects ** These t ndings help to explain the liter’” (Fig. 34, In evaluating these studies, it is
abservatan that prolonged breast feeding important to bear in mind that the results were
conters partial protection agairst the based on proprietary formulas containing
deveiopment ot iror deticiency = The basis other added vitamias .nd m: erals. Actually,
tar the excellent absorptian ot iron frora breast it is likely that the added ascorbic acid in
milk s not knowr The lower calaum and proprictary formulas is a major factor in
pratein cantent ot treast milk compared to facilitating iron absorptior. (See Case Study).
cow s milk. and the high concentration of the
wron bina ng protein lactoternn. have been Transitional or weaning foods become
postutated to play a role but cannot explain important sources of iron when the diet
this phennmenon entirely ' There 15 some becomes more diversified late in infancy.
evidence that ingestion of breast milk. per se Pertinent studies of single grain products or
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legumes that might serve as weaning foods
have been done primarily in adults. For
example, adults were found to absorb 7% of
the iron in soy beans, which is a relatively high
vilue compared to other grains such as rice
and maize. from which about 1 and 3.5%
respectively were absorbed.'* The method of
commercial processing and/or home
pieparation may strongly irfluence the
amount of iron absorbed. For example, it was
found that children absorbed far more iron
from a baked soy bean preparation than from
one that was boiled.” Soy-based infant
formulas have been extensively studied and are
gencally well-tolerated.” However. raw soy
flour contains a trypsin inhibitor and possibly
other heat-labile. physiologically active
substances that presumably cause adverse
intestinal reactions.

In the United States. proprietary dry cereal for
infants is fortitied with electrolytic iron of
small particle size at a level of 45 mg/100 g dry
cereal. [his amount is about ten times greater
than the iron present in whale grain products.
Electrolytic iron is one type of elemental iron
powder. Elemental iron powders are identified
according to the process by which they are
produced: other types include carbonyl iron,
hydrogen-reduced iron and carbon monoxide-
reduced iron. Factors that are associated with a
high bioavailability of iron pcwders include
small particle size. high solubility in
hydrochloric acid. and a large reactive surface
aea.’ The electrolytic iron currently used in
dry infant cereals has a relatively small particle
size and a large reactive surface area that
would favor a high bioavailability. However,
the absorption of electrolytic iron has not been
studied in infants: the most pertinent studies in
infants were performed with hydrogen-
reduced iron uf small pa-ticle size und showed
absorption of about 4% of this iron from a
mixture of wheat, barley, and maize.

Physinlogic amounts of ascorbic acid in adults
can result 1in a 2 to 5-fold enhancement of
absorption of the intrins:ic iron  and
fortification iron in cereal products.' '* It has
been suggested that a ratio by weight of at 1east
1.5 iron w0 ascorbic acid be used in iz ‘ant
cereal and milk products that are fortified with
iron.'' Another option particularly for
developing countries 15 to fortify purchasable
food products. such as salt'” or sugar*® that are

customarily added to cereals and other toods.
Thus. iron absorption could be improved even
with toods that would ordinanly not be ideal
vehicles for fortification ron. However, walt
and sugar should not be recommended in more
generous amounts than is customary.
Excessive salt is suspected of predisposing to
iater hypertension and frequent sugar use is
associated with dental caries.

Absorption from meals. Tron absorption in
adults is strongly influenced by the interaction
of various foods consumed ir the same meal
and by the amounts of non-heme and heme
iron that they contain.® '* These interactions
also appear to apply to the infant’s diet after
solid foods have been introduced and brea.t
mitk or forinula is no longer the exclusive
source of nourishment. Evidence for such
effects can be derived from cstimates of the
rate of increase in total body iron during the
tour-month period spanning the introduction
¢ solid foods.** When total body iron was
calculated from hemoglobin concentration,
serum ferritin and body weight. it was found
that the rate of wron accumulation changed at
the age when unfortitied solid foods {primarily
fruits and vegetables) were introduced (Fig. 4).
However. whether the rate of iron
accumulation increased or decreased depended
on the typ: of milk feeding. In breast-fed
infants who were calculated to have a higher
baseline body iron. the estimated rate of iron
accumulation decreased after introduction of
solid foods. In contrast, infants fed a home-
prepared cow’s milk formula who had a lower
calculated baseline body iron were estimated
to have an increased rate of iron accumulation
after initiation of solid foods. More studies are
clearly needed. not erly to confirm these
results, but also to determine the overall
influence on iron absorption of various types
of fortified and unfortified transitional infant
foods.

(3]

Iron ab-orption from composite meals has
been studied pamarily in adults, but the
general conclusions should also apply to
chi'dren: absolute values for iran absorption
are likely to be higher in children because of
their normally lower iron stores. Meat and
foods rich in axorbic acid effect a substantial
increase in iron absorption from a meal.
whereas milk or tea will have the reverse
effect. For example, the presence of meat,



poultry. or hish resulted in the absorption of
about four times as much iron from a standard
meal as when these were replaced by
equiv.'nt portions of cheese. milk. or eggs.*?
Other -tudies have shown the importance of
the type of beverage that accompanies the
food. The use of orange juice. tor example.
more thar doubled the ahsarption of iron from
the entire meal. " Milk was tound to decrease
the absorption of forrous iron in infants by
about 75% compared to the iron given alone. **
Tea had an effect of similar magnitude on iron
alone or iron in various foods ** On the basis
of these dictary interachions. one would
anticipate a high prevalence of iron defiziency
when the diet consists almost entirely  of
cereals or when there 1s a high :ntake of milk or
tea. Converselv. diets rich 1n meat and or
ascerbic aad would be less hkely to be
associated with dietary iron deficiercy.

Absorption of iron used in food fortification.
In addition to being well assimilated,
fortifica-ion iron mus: also be stable during
storage and snculd not result in undesirable
changes in the colur or appearance of the food
to which it is added. lron (II) sulfate. tor
example, is well absorbed when freshly added
to foeds out is readily oxidized during storage,
causing discoloration and alteration in flavors
if the container is not airtight. It has therefore
heen most successfully used in fortification of
foods in airtight containers, such as canned
intant formulas and certain infant cereals in
jars. and in flour products, to which it can be
added just prior ta baking.

The less reactive iron compounds such as iron
(Ilh pyrophosphate, iron (111) orthophosphate,
and metallic, reduced iron of large partic'e size
came into use to fortify infant cereal and flour
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AGE INTERVALS IN MONTHS
FIGURE 4 - AGE INTERVALS IN MONTHS

Monthly increments of estimated 1otal pexdy aron an the three study rroups duning the hiest <ix months of hfe
tSaariren and sumes' s The rate ot accumulation of body iron appears to decrease in breast-fed infants after
wlid foods are in*roduced




products because they did not result in
undesirable changes ir: the color or flavor of
foods in packages that are permeable to air.
However, these compounds have been found
to be so poorly absorted that they have
probably had .ittle impact on iron nutrition.
This realization has led to the testing of
compounds that meet the criteria of being both
reasonably well assimilated fat least 50% as
well as iron (1) sulfate) as well as allowing
storage of foods tor prolonged periods.
Among the compounds that appear to fulfill
these criteria 15 electrolytic iron powder of
small particle stze fin which most of theiron by
weight 15 1n particles <10 g4 m in diameter)
which 15 used to fortufy infant cereal and
bread. Alternatively. a compound such asiron
i1l pyrophosphate. which 1s poorly absorbed
when used alone. may become clfective when
cambined with acid. This
combination has been successfully used to
tortity  salt causing  discoloration
during storage  This topic 15 discussed more
tully under heading, V'

ascorbic

without

Conclusions  From this briet review of the
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bioavailability of iron from various foods and
iron compounds, it can be appreciated that
strategies for preventing iron deficiency in
infants and children must be considered
primarily in terms of dietary composition and
food habits and must be tested under pilot
conditions before implementation in large
populations (se¢ Case Study). Because iron
absorption varies so markedly according to the
diet, recommended dietary allowances for iron
merely provide rough guidelines. It is possible
on the one hand to develop iron deficiency
while ingesdng large amounts of iron-rich
foods in which the iron is poorly absorbed, or
conversely, to escape deficiency despite
ingesting far less than the recommended
amount but in forms that are particularly well
absorbed. It is also important to consider any
dietary recommendations aimed at the
improvement of iron nutrition from a broader
economic and nutritional perspective. For
example, overemphasis of meat and avoidance
of cereal in the diet might be cffective in
preventing iron deficiency. but could be
economically impractical or actually defeat
other nutritional objectives.
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II1.

Changing Iron Needs During Development

A. Maternal-Fetal Relationships Pregnancy is a
peniod of increased need for dietary iron However,
the consequences of iron deticiency affect the mother
far more than the fetus In the fetus, the ratio of iron
to body weight remains  relatively  constant
throughout pregnancy at an average level of 75
mg ki (Fig 51 The iron requirements of pregnancy
duning the latter halt of pregnancy are high. and iron
deficiency anemia 15 common in the mother, par-
tcularly  during the latter hall ot pregnancy.
However. with few exceptions < comparisons of sron-
deficient and iron-sutficient mothers not only show
that the hemoglobin coacentrations of their oftspring
areaindistinguishable at birth_* ¢ but that they remain
so dunng the remainder of the first year of life.>*
Similarly. estimates of neonatal iron stores based on
the serum fersitin concentration show httle” or no*
difference between g oups of infants whose mothers
had iron deficiency anemia and those who were non-
anemic The high prionty of the infant for available
ron continues into lactation. The iron status of the
mother has little infleence on the cancentration of
ron in breast milk * - These findings should not be
construed as minimizing the importance of iron
in pregnan! and lactating women.
However 1t should be realized that treating the
mother with iron 15 of more demonsirable benefit o

autrition

her than to the tetus or to the nursing infant

B Postraral Decelopmer 45 The newborn infant
1s well supplied with ron. not only 1n terms of
substantial ceacentrat-ons of starage iron. but also 1n
the form of a high ¢ “centration o hemoglobin.
Hoviever  at birth the reiiable trans-placental
Selivery of iran s replaced by a smaller and less con-
sistent deetary supply. Neverthel:ss. within the first
year of life the aver.xe termnfont must almost dou-

ble his body iron - re tnples his body weight. At

12

birth, the term infant has a total body iron averaging
about 75 mg/kg.’ Iron stores contribute approx-
imately 25% of this amount. After birth, there are
profound charnges in iron metabolism and in rate of
erythropoiesis that can be conveniently divided into
three stages (Fig. 6.)

The firet stage. encompassing the first six to eight
weeks of life. is marked by a decline in the concentra-
tion of hemoglobin from the highest to the lowest
levels observed during any period of development.
This decline is attnibutable primarily to an abrupt
decrease in erythropoiesis, in response to increased
postnatal delivery of oxygen to the tissues. The
percentage of erythroid precursor cells in the bone
marrow declines from a mean of about 30% at birth'*
to 10% between one week'™ and a month of age.«°
Extra-medullary hematopoiesis comes to a halt dur-
ing the same period. In the peripheral blood. these
changes are reflected in the disappearance of
nucleated red blood cells and the precipitous fall in
the reticulocyte count.’* During this marked depres-
sion of erythropoiesis, the concentration of
hemoglobin decreases at a rate that is determined
primarily by the lifespan of red blood cells that were
produced befare birth. Because a relatively small
proportion of the iron from senescent red cells is
reutilized for erythropoiesis. the remaining iron tem-
poranly augments iron stores. ' ¢ ' The percentage
of diztary iron absorbed during this period is lower
than in later infancy. probably due to the inhibitory
rifect of large iron stores on absorption.

During the second stage the normal decline in.
hemoglobin cancentration is reversed. Erythropoiesis
becomes more active. as indicated by an increase in
the percentage of erythroid precursors in the bone
marrow® and by an elevation of the reticulocyte
count’’ to far above the normal adult level (Fig. 6).
The concentration of hemoglobin rises from its



400~

300}

200

100

TOTAL BODY IRON, Mg

1
2.0
BODY WEIGHT kg

FIGURE 5

IRON CONTENT AND BODY WEIGHT IN THE FETUS AND NEWBORN CHILD. Total body iron increases
in a linear fashion as body weight increases. From Widdowson and Spray.'
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lowest mean vaive ot about 11 g dl and 1s subse-
guentiv maintained 1 an average value ot about 12.3
g d1d:nne the remainder of the hirer vear of hite ¢+

A teend

dependence on dietary 1iron A rapid 12t¢ o growth

Save s characterized by an ancreased

and the low iron content of either breast or »nsup-
plemented cow s miik prodacts predispose te the
depletion of iran stores 4 ron stores are exhoar sted,
then the rise 0 conceatration ot hemoglobin that
started during the wecand state can be either curtanled
or reversed  Not unti the third staze s additonal

inaugmenting the

dietars iron el te be ettective
concentration ot hemogplobin

Inarbants of Loy birtly weeigint the total body ron at
birth is less than in the full-term infant: however. the
ratio of 1iron to body weight 15 the same. - Infants of
low: birth weizht have a morce rapid rate of postnatal
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growth and exhaust their iron stores at an earlier age.
Consequently. the requirements for exogenous iron
are greater than in the term anfant** '™ ¢* and the
third stage of iron nutrition begins earlier.-” ' As in
the term infant. the postnatal tall in hemoglobin con-
centrat:on to a low value between six weeks and two
months of age occurs before iron stores have become
depleted and 15 not influenced by iron supplementa-
ton_ Hoviever. in the infant of lew birth waeight, the
nadir 1n concentration of hemoglobin 1s much lower
than 1n the term infant (Fig. 61 and is followed by a
rise 1n reticulocyte count that 1s higher than in term
infants. If the supply of dictary iron is adequate, the
concentration of hemoglobin n preterm infants
gradually catches up with that of term infants until
mean values are equal by nine months of age. ™

The highest prevalence of iron deficiency aremia is
likely to occur between about six months and two to



three years of age when iron stores are likely to
become depleted.’ Subsequently. the demand for
iron decreases as the rate of growth slows.

C. Childhood  Although more investigation has
been focussed on intancy. iron deficiency is also a
common problem throughout childhood. During the
preschcol peniad. between one and five years of age.
the composition ot the diet 1s often unfavorable for
iroa absorption This s particularly true for develop.
ing countnes. in which cereals are usually the major
constituent of the diet Eco~omic tactors often hmit
the intake ot meat. poultry. or fish. toads that would

enhance the absorption of iron from cereal. Cultural
patterns 2lso ‘requently favor giving the father and
other dults first access to these more expensive
foods of animal origin. If unrefined cercal products
are used, their high fiber content may also restrict the
absorption of iron as well as other Irace minerals,
such as zinc.

In developed countries. the availability ! dietary
fron is often restricted by an excessive use of milk
among pre-school children. Milk not only displaces
other more iron-rich toods from the diet, but is rich
in calcium and phosphorus which form insoluble
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THREE POSTNATAL STAGES OF IRON BALANCE AND ERYTHROPOIESIS. Mean values for concentra-
ton of hemoglob n and reticulocyte count are <hown for le
stages 1s shown fer term infants | Immediately after birth
concentration of hemoglobin decrease in response to ancreased availlability of oxygen. Storage iron s
augmented 11 A' about 2 manths of age. the concentration of hem glooin has fallen to its lowest point and the
rate of erythropoiesis 1sincrea ed Storage iron kradually decreases I [ron stores become depleted by about 3
months of age in preterm :nfants and 4 months in term infants unless replenished by an adequate exogenous sup-
d tosron administration. tData for newbaorns from Osk)
and Naiman * and other hemoglobir walue, are trom Lundstrom et al ¢ and Saarinen and Siimes. reticulocyte
vaiues are from unpublished data on the same infants described in the precesding two studies).

ply of iron During this stage anemia i« hikely to respon

4 6

rm infant< and preterm infants. The duration of the
. the rate of erythropoiesis treticulocyte count) and
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complexes with iron.

In tropical a.d semi-tromical parts of the world where
children are ften ba.¢root, hookworm infestation is
a common problem. [ntestinal blood loss can then
become a major factor contributing to iron deli-
ciency.' ** Pinworm infestation may also result in
substantial blood loss' and is also common in
temperate climates. In order to prevent iron defi-
ctency 1n hookworm areas more dietary iron is
generally required than elsewhere.

D Adolescence  Accelerar’ ~n ot growth. particu-
lorly during the years of _exuar . aturaticn, imposes
increased requirements of iron primarily tor the pro-
duction of hemoglobin. For example. during the peak
year of their adolescent growth spurt, boys gain an
average of 10 kg (Fig. 70.** This can be calculated to

require a net increase of about 300 mg of iron merely
to maintain a constant concentration of hemoglobin
in an expanding blood volume. However, the con-
centration of hemoglobin also increases between 0.5
and 1.0 g/dl/year at this age.’*’” An increase in
hemoglobin concentration of 0.5 g/dl in a represen-
tative S5 kg adolescent boy requires more than 50 mg
iron. Consequently, the average adolescent boy re-
quires a net increase of about 35¢ mg of iron during
his year of peak growth. This peak rate of growth,
and presumably the concurrent peak increase in con-
centration of hemoglobin, are far sharper than is ap-
parent from growth and hemogiubin percentile
curves: this is because there are individual variations
in age of peak growth which become obscured when
average values for each age are calculated.

In adolescent girls, iron needs are also large. but they

kg/yr
14+
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FIGURE 7—AGE, YEARS

TYPICAL INDIVIDUAL WEIGHT-GAIN CURVES FOR INFANCY AND CHILDHOOD. Note the adolescent
peak wveight gain of 10 kg’ year for boys and 9 kz/yr for girls (drawn from Tanner et al*)




do not peak as sharply as in boys because the max-
imum yearly weight gain is somewhat less than in
boys and bacause the co.icentration of hemoglobin in
rirls increases only slightly during this period. The
greatest ~verage weight gain ot 9 kg/yr in girls re-
quires ahout 280 mg of iron for the maintenance of a
constant concentration of hemoglobin. The onset of

wr
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menses u:ually follows the peak of adolescent
growth. The median menstrual loss of about 30 ml
per menstrual period of 15-ycar-old girls involves a
net loss of ahout 175 mg iron/year.’* However, there
are great variations amorg individuals, and those
with the largest losses are at highest risk of iron
deficiency.
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IV.

Iron Requirements

Recommendations for dietary iron in infancy and
childhood have been partly derived from estimates of
the increase in total body iron with age, with the
assumption that the average iron absorption is 10
percent.' Because of the questiorable nature of the
latter assumplion, it is advisable to validate such
estimates by the pragmatic test of determining the
amount of dietary iron necessary to prevent iron

deficiency anemia under various dietary conditions.
The bioavailability of iron will differ according to the
nature of the diet, and it is helpful to take this into
account in setting dietary standards. In 1972, the
World Health Organization’'s recommendations for
iron* were varied according to the amount of animal-
derived food in the diet (Table II) on the basis of the
finding that meat enhances absorption of iroa from

TABLE 1l
RECOMMENDED DAILY INTAKES OF 'RON (mg/d)*

USRDA (1974)

FAO/WHO (1970)

Percent Calories

From Animal Foods Absorbed
Age <10% >25% Iron
Years Iron. mg/day Iron. mg’day

Infants 0.5-3 15 10 S 1.0
Children* 4-10 10 10 5 1.0
o 11-18 18 18 9 1.8

Q 11-18 18 24 12 2.4
Men 19 10 9 5 0.9
Women 19-50 18 28 14 2.8
Women 51 10 9 S 0.9

~ Age ranges for children are those of the USRDA.: ranges in the FAO; WHO recommendations differ slightly

Recommended daily intakes are estimates of “upper limus™ of requirements in normal individuals: they do
not take into account any additional requirements imposed by unusual environ:nental stre<s. by disease or
by parasitic infection

as follows 412 3-16 yr

18



the diet as a whole. In the light of more recent studies
it may be more appropriate to vary iron recommen-
dations specificaily in relation to meat intake, since
animal-derived dairy products and eggs do not
enhance iron absorption. This consideration is
especially pertinent to iron recommendations for in-
fants because their diet rarely contains much meat
but often consists primarily of dairy products.

The iron requirements of the infant and child, despite
their much smaller body size, are almost as high or
higher than those of the adult. This relationship is
evident in the WHO recommendatons as well as the
U.S. Recommended Dietary Allowances.’

IV.

The recommendation of the Committee on Nutrition
of the Americann Academy of Pediatrics provides
more detailed guidelines for iron nutrition in infants.*
The suggested intake for term infants is 1 mg iron/kg
body weight/day te a maximum of 15 mg. starting
no later than four months of age and continuing until
three years of age. The recornmendation for low
birth weight infants is 2 mg/kg/day to a maximum of
15 mg starting no later than two months of age.
These recommendations need not be interpreted too
rigidly. since dietary composition has such a great in-
fluence on iron atsorption. Furthermore, the
amounts are generous enough to encompass most in-
dividual variations. as is generally true of nutritional
requirement guidelines.
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V.

Methods of Preventing Iron Deficiency

A. Goals and |ustification 1t is generally agreed that
an optimal iron intake 15 one that allows the
unrestricted production of hemoglobin. This can be
accomphished with ordinary dietary constituents
under most conditions and with only modest tron
fortihicatior of foods under other circumstances. The
establishment of iron reserves 1 also a desirable goal.
but 1t skould be recognized that the relatively large
iron stores ot the well-nourished adult male are .ot a
phyvsiologic or desirable reference standard for in-
fants. children. and women

It may be difhicult to justity public health programs
fe.cused on the prevention ¢t iron deficiency when
thev compete with other programs Jdesigned to pre-
vent maore obviously handicapping or |fe-
threatening disorders For this reason it may be more
practicel to incorporate the goal of preventing iron
deficiency into a nutritional program of broader
«ope. For example. the distribution of special wean-
ing foods may be prnimanly intended to combat
protein-calorie malnutriion However. such prod-
ucts can also serve as convement vehicles for ron
fortfication at virtually no addit:onal cost. Alter-
natively  preventiop of iron deticiency may be an
unanticipated by-product of programis that are not
directly aimed at nutsition as such For example, 1m-
proved environmenta! sanitation may improve iron
absorption by decreasing the prevalerce ot infection
and inflammatory disease or it may decrease bload
loss through elim:nation of intestinal paracites

In justifying the prevention of iron deficiency on its
own merits 1t 1s important to emphasize that it is a
prevalent disorder. that 1t can be inexpensively
avoided :n many settings. and that prevention in-
volves broader benefits in terms of improved general
nutntion and health. The evidence for deleterious ef-

fects of iron deficiency have been reviewed
recently.! ! Among the consequer.ces of iron defi-
ciency, decreased exercise tolerance and decreased
capacity to do work are handicaps demonstrable
even with mild anemia.® Retardation of growth with
recovery following treatment with iron has also been
described.* In addition, evidence of systemic conse-
quences that are independent of anemia is being
recognized in man and in the experimental animal.
These include compromised cellular immunity, an ef-
fect on muscle function that is independent of
anemia, and possibly, impaired intellectual
function !

B Cenvral Approaches. Methods for preventing iron
deficiency within the scope of unfortified food prod-
ucts include: 1) the encouragement of prolonged
breast feeding: 2) avoidance of excessive fresh cow's
milk; 3) inclusion of facilitators of i:on absorption
(meat. fish. or poultry or ascorbic acid-rich foods)
when solid foods are fed: and 4) avoidance of ex-
cessive weight gain.

Since comphance with these recommendations may
be restricted by social and economic fa<iors, ond
because some infants and children may have in-
creased iron needs. it may be necessary to use iron-
fortitied foods for the prevention of iron deficiency
In some circumstances. How some of these ap-
proaches can be combined under various conditions
will be outlined in subsequent paragraphs.

C. Role of Mdk Feeding 1. Breast nulk " In term in-
fants. prolanged breastteeding offers substantial pro-
tection against the development of 1ron deficiency
anemia. Term infants who were breast fed for at least
six_month< retained substantial iron stores at that
age. based on their serum ferritin values. However,
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during the remainder of the first year of lif:. an in- concentration fell slightly (0.5 g/dl), but signifi-

~reasing percentage of infants depleted their iror cantly, below that of infants receiving iron fortified
stores as indicated by serum ferritin values below 10 formula.* Only eight infants in th~ above study were
ug/liter (Fig. 8). In addition their mean hemoglobin given breast milk as their exclusive source of milk for

20~ PROPRIETARY
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ok —mMS

20| BREAST MILK
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PERCENT OF INFANTS

HOME PREPARED
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FIGURE 8-- AGE IN MONTHS

DEPLETION OF IRON STORES DURING INFANCY  The vertical axis shows the percentage of term intants
vtk serum ferntin values below [0ug hiter The percentage ob infants with low serum ferritin values increases
duning the latter part of the firet year ot Life i infants 1ed untortitied tormula and to a lesser degree ininfants ted
human milk 1Saarinen and Simes 10781 °
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nine or more months: their hemoglobin and other
parameters of iron nutnition did not difter signib-
cantly from those ot the other breast fed infants whao
were weaned earler. There io little information
regarding the iror <tatus of iafants who are exclu-
sively breast fed tor ionger periods. Four infants who
were fed no ftood other than breast milk were
reported t¢ have normal hemoglobin values when ex-
amined between 9 and 12 moanths of age ~ These data
indicate *hat breast milk alone contains an adeguate
supply of iron tor term intants tor at least the first six
months. but that additional sources of 1on are pro-
bablv desirable subsequently.

In preterm mitants breast milk alone does not pro-
vide an adequate supply ot iron (Fig. 91 In intants
fed breast milk. additionai iron in the form of drops
should be supplied. starting no later than two
months of age and mairtained at ieast until one vear
of age. After tour o wix months ot age. iron-fortified
weanming toods may provide an alternative.

Worldwide trends 1n  breastfeeding have been
discussed 1n a recent review.' In many developing
countries. infants are being weaned at an earlier age
to facilitate the mothers return to work or to con-
form to the mistaken view that early weaning is con-
sistent with ideal practires of modern infant feeding.
The reversal of these trends would improve both iron
nutntion and general nutrihion of the infant. In addi-
tion. longer breastfeeding should decrease the
prevalence of enteric infections 1n areas where ¢:-
vironmental sanitation makes it difficult to prepare
and preserve infant foods in an uncontaminated
state.

2 Cou s Mk Formula Proprietary intant formulas
are modified 1n composition to resemble breast milk.
contain added vitemirs and munerals and  are
available either fortified or unfortfied with iron. For-
mulas are available in powdered or hquid form. [ron
Ili sulfate. gluconate. or saccharate are commonly
used 1n a concentration that supplies about 12 mg of
elemental iron per liter When iron-fortified formula
sccounts for the major source of calonic intake. 1t has
the advantage of delivering a relatively constant and
predictable amount of iron

Iron fortified formula 1s effective in preventing iron
deficiency ancmia in the first year of life both in
term® *  and preterm infants.:: * Based on recent ex-
perience (see Case Study). it appears that the ascor-
bic acid added to preprietary formulas plays arole in

their effectiveness .’
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Although proprietary infant formulas are excellent
vehicles for iron fortification, they should be recom-
mended only with certain qualifications. Where
famili~s cannot afford the high cost of proprietary
formulas and where lack of refrigeration and running
water favor bacterial contamination, improper
storage and excessive dilution of formulas can lead to
diarrnea and undernutrition. For this reason. ag-
gressive marketing techniques that might decrease
brezst feeding should be discouraged. In the
developed world. a disadvantage of formula is the
ease with which excessive calories can be provided to
the infant. This can lead to obesity and discourage
the gradual diversification of the diet that is desirable
after six months to one year of age. Consequently, it
is zonsidered best to limit the volume of infant for-
mula to about one quart or liter per day in order to
encourage the introduction of iron-rich foods into
the diet and to set the pattern for a more varied diet
during the second year of life."

There is no demonstrable advantage in providing
iron fortification or supplementation during the first
four months of life for term infants and during the
first two months for preterm infants. During these
periods a smaller percentage of iron is likely to be ab-
sorbed by the body than at a later age.'

A consideration peculiar to the premature infant is an
mteraction between citamun £ deficioncy and ron
admunstration that can result in hemolytic anemia
during the first two months of life.'* ** Premature in-
fants, particularly those with a birth weight less than
1500 g. absorb very little of the vitamin E that is pre-
sent in breast milk or formula or that is administered
in the form of alpha tocophero! acetate. Vitamin E is
effective as an antioxidant that protects the lipids of
the red cell membrare against oxidative destruction.
The major clinical manifestation of vitamin E defi-
ciency is a mild hemolytic anemia. [ron functions as a
co-factor in hipid peroxidation and aggravates
hemolysis 1n vitamin E deficiency. The risk of
hemolysis also depends on the saturation of dietary
fatty acids. When the diet is relatively rich in polyun-
saturated fatty acids as in many infant formulas, the
composition of the lipids in the red cell membrane
undergoes a corresponding change. and the cell
becomes more subject to oxidative damage and
hemolysis. The interaction between these three fac-
tors—wvitamin E deficiency. iron administration, and
a diet rich in polyunsaturated fatty acids—became
evident when small premature infants were fed cer-
tain iron supplemented proprietary formulas.' Due
to the recognition of this problem, vitamin E defi-
ciency has become less common due to the manipula-
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CONCENTRATION OF HEMOCGLOBIN. TRANSFERRIN SATURATION. AND SERUM FERRITIN IN LOW
BIRTH WEIGHT INFANTS All infants were given banked breast milk during their hospital stay. They were
randomly asugned to groups receiving noaron sepplementation --O--1 or 2 my kyy per day starting at two
weeks of age ' -@ - 1 Means = SEM are indicated The number of unsupplemented infants at each age who
were started on iror suppiementation s shown within circles The first detectable difference in the unsup-
plemented group was a lower mean serum ferntin concentration at two manths of age Anemia and decreased
trarsiernn saturation were aot sigmibicant until three months of age (Lundstrom et al, 19775+




tion of one or more of the three pertinent variables:
1) iron administration mayv be delaved::™ 2) a
bicavailable form of vitamin E can be administered: '
or. 3) breast milk or a tormula that s comparably
nch in saturated tatty aaids can be ted to small,
premature infants "

3 Fresh or Pasteurnized Cow s Milh The use ot un-
moditied tresh or pasteunized cow s milk during the
lirst six months ot iite should be avonded tor several
reasons - The composition of ditters
droctically trom human muk particularly i pro-
viding excessive amounts of protein and minerals

cow s milk

Cow s milk appears 1o decrease absarption of 1ron

trom other toods - 1o addition the consumption of

excessive amounts of fresh or pasteurized cow’s milk
may be associated with occult intestinal bleod loss
during infancy®' ¢ and contribute significantly to the
development of 1ron detictency ' Blood loss is usu-
ally reversed by substituting heat-processed cow's
milk tormula or <oy-based tormula (Fig. 91 tor tresh
cow’s milk tormula or soy-based tormula tFig. 101 for
tresh cow s milk  whether or not iron s admin-
stered 572 This sugeests anintestinal sensitivity ta
& protein component of milk . such as lactalbumin.
which can be moditied by heat processing. Some
data segpest that subclimical blood loss ot ths type 1e
common = gnd that only the most severe cases
come to chmcal attennon However. ot s dithicult to
exclude the posabihity that signiticant blood loss
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represents a reiatively rare idiosyncratic reaction.
After <ix maatns ot age. unmoditied tresh or
pasteurized cow s milk s an excellent tood. provided
that excessive volumes are avouded  The consump-
ton ot 0 73 Lter Jav equuvaient to that sepphed by
breast mulh in the average aataat s a reasonable
volume Asip the case of cow s muilb tormulas larger
emounts Jiscourage the development ot a diversitied
dier Evenan aduits there s evidence tor an assocna-
ton betwern ron dehicencs ard o hach antake ot

daree prodaoces

3 Fraporated NG wnd Powdered Witole Midk
These are relatively anexpensive and easaly stored
produets whichk can be ed to prepare anintant tor-
thev added

Powdered skamr miik s less expensive than powdered

mu'a However contain no iron
whaoie milk but has the disadvantayee ot o low caloric
denas and a marginal suppiv of essential tatty acids
Vith et

et o arother source attes tour months tor term

er product st s dearable to add iron to the
arter twe manths tor pretermoantants

ntan's and

[Y Trae:

tor the :ntant ard that brdye the period between ex-

dovan Foods 2 Foods that are <pecially
clusive preast or bartie reeding and shariny, of the
tamiy meais cap be rermed transitional toods wean-
i tocds or beost These tocds are most readily
intraduced inte the aatant s diet atter about tour
maonths of age when mis acuroiogical development
bexr, e

native te suching and when spoon teeding becomes

hecome sdapted o chewny as an aiter

more readins accepied Butour to s months, most

ietants Fave deveoped ssthiaent head control ton-

dicave vitrer that they are hungry or that thev no

wish tcaccept teod Poor to this ime . there s

ar clemeat o torced teeding when sohd toods are

aivern barlier 1nitiat or ot transiional toods s aiso
disconiraged Recaus ot the Lkethood that this
sposes to the deveiopment ot obesaty and

v AWhere ennironmental santation s poor

Mg De best o delay R e of transitiona. toods un-
1

toalter g Lear o aye
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tries  specCigiin prepared stant ereals are reavny

fortified with sufticient iron to meet almost half of
the estimated dietary iron needs in one serving. In-
deed. the teasibility of preventing iron deficiency by
relving on rron-tortified intant cereal as the majpor
source of iron during the tirst vear ot lite has been
demonstrated (Fig. 11 In some countries tortifica-
ton s at g much lower level, similar to that used (o
torhity other grain products: otten it s the policy to
add ron and other nutrients only o the level
orpunally present 10 whole grain In other areas, no
cereal products are ron-tartitied

It iron torntied drvantant cereal is used as one of the
tirst transihional toods, this will take advantage ot
the improved ran absorption that characterizes the
period arter tour to sk months o aze when iron
stares become dimimished * The prinapal advan-
Laces of devantant cereal as a vehicde torron duning
th pre-schoal peniod are 1ts Tow cost and case ot
storgye These advantages also apply 1o the trans-
tonal toods available from international and certain
bilateral agencies. e g United States Agency tor In-
teenational Development products such as Wheat
Sov Blend  Cern Soy Milk. and Instant Corn Soy
Mk which contain added terrous tumerate to g
level o1 18 10021 myg 100 5 dry product.t” The tor-
thication ot cereal producis wath both ron and
ascorhate enhances the absorption ot the iron Set-
Leps navhich cereal products are most cuitable as the
mapor vehicle for tortihication icon are those in wiich
serving size and teeding prachices are relatively
unitorm or where the tood accounts tor a l.ll'):(‘
percentape vt the calonc intake  Large vanations in
consumption of cereal praducts make 1t difticult to
supply a relatively predictable amount of iron in the

diet

Excessive weight gain durning the birst year ot hfe may
occur 1n tormula-ted or cow's milk fed infants,
presumably because mothers are apt to encourage
the intants to finish their feedings. Another factor
that may lead to excessive milk ingestion is the lack
ol opportunity to drink water to quench thirst.
Heavier intants at a year ot age scem to be at greater
risk of iron dehiaency. possibly because of a concom-
mitant increase 1n red cell mass ** For these reasons,
it s currently recommended 1in Sweden and Finland
that infants atter six morths of age be given one meal
a day 1n which milk s notincluded. This meal sl in-
clude one or more solid 1ood and water as a beverage
in order to allow the iatant to <atisty his thirst
without being required Lo ingest excessive calories at
the same ime. as 16 the case *vith milk - A meal of this
type appears to be etective in avouding unneressary
weight gain
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E. School Lunch Programs. School lunch programs
are established in many parts of the world and pro-
vide an oppor:unity for supplying additional iron to
the diet. A realistic goal is to supply about one-half
of the estimated daily iron requirement in that meal.

This may be accomplished by combining smaller
amounts of food that are enhancers of iron absorp-
tion. with iron-rich foods such as whole grain cereal
products. legumes, and foods made with iron-
fortified flour. The increased expense of these
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IRON-FORTIFIED INFANT CEREAL IN THE PREVENTION UF IRON DEFICIENCY ANEMIA. The distribu-
tion of hemnglobin concentration 1s shown at | year ot age in infants wi.o recerved different levels of iron intake
starting at 3 5 months of age Group A was given a more than adequate ronantake including a supplement of 15
mg ot elemental iron day a« Ferll) <ulfate and two feedings per day of Fetll sulfate-fortified cercal providing an
additional 20 mx day Ciroups B and C recewved the <ame infant cerea!. fortified with Fetll) saccharate at a level
ta provide iron intake o {0 to jo my day in zroup B and 510 10 my day .ngroup C. Group D received an un-
controlled rron intake that included no highly fortitied cereals The results showed that a total iron intake of 10
to 1o mg day in group B supplied primanly inthe torm of iron-fortified cerea . 2dequate to prevent iron defi-
ciency anemia (drawn trom Mioe . 1903 -*




enhancers, such 2s meat and ascorbic acia-rich foods
(fruit or fruit juire) can be justified in terms of their
overall nutritional benefits.

F. Non-Targeted Food Fortification Children and
women are the intended beneficiaries of iron-fortified
foods that are available to the entire p *pulation. The
considerations involved 1n implementing successtul
fortitication programs have been reviewed recently.!
Iron-fortified Hour. cereal products, sugar. and salt
have been used or studied. The most most suitable
vehicle for iron 1s a tood that 1s consumed by a large
segment of the population in amounts that will con-
sistently deliver the desired amount of iron, par-

v

ticularly to the target population.

A reasonable prerequisite for fortification iron is that
its anticipated absorption under normal conditions of
storage and use be at least S0% of the absorption of
an equivalent amount of ferrous sulfate without
storage. The lack of standards for the use of iron in
food fortitication fosters the continued use of forms
of iron fortification that are unlikely to be effective.
The use of compounds that are poorly absorbed or
that are oxidized to poorly absorbed forms under ihe
usual conditions of storage is likely to lead to disap-
pointing results in foud fortification programs and
should be discouraged.
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VI.
Laboratory Diagnosis of Iron Deficiency"”

A. Special Considerations i Infants and Children.
The laboratory diagnosis of iron deficiency in infants
and children requires special attention to the use of
age-speaific reference standards. There are marked
developmental changes 1 normal values for
hremoglobin. hematocrit, mean corpuscular volume
IMCV), mean corpuscular hemoglobin (MCH). and
transternin saturation. These must be taken into con-
sideration when interpreting results and are discussed
below 1n relation to the individual laboratory tests.

The nature ot the population from which laboratory
reference standards are denved will profoundly in-
tluence estimates of the prevalence of iron deficiency
and the accuracy of diagnosis in individual subjects.
especially 1n anfants and children. Until recently.
‘normal’ values were compiled trom a superticially
healthy population. but one that not
systematically screened to exclude individuals with
mild deticiencies ot oen or folate or with conditions
such  as thalasserma minor  In the case of
hemoglobin_ tor example. this type of sampling can
lead to a non-Gaussian distnibution skewed toward

was

low values’ 7 since individuals with marginal deh-
aencies are not excluded. This helps to explain why.
unt recently. a hemoglobin concentration of 10
grams dealiter i dl or 3 100 mb was the accepted
iower Limit of normal in children . If individuals mak-
ing up the lower portion of a trequency distnibution
curve respond to iron trecatment by an increase in
concentration of emoglobin as <shown in some
studies - 2 then the orniginal
legit:mate basis tor establishing a normal range.

values are not a

A sounder methad for establishing normative data is
the selection of a reference population that excludes
individuals with other laboratory evidence of iron
deficiency and ‘or other common marginal condi-
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tions. Without this type of exclusion the “lower limit
of normal” hemoglobin concentration ameng a
group of clinically healthy infants in one study’
might have been estimated to be about 8 g/dl.
However, after excluding all subjects with low or
borderline values for transferrin saturation, the
estimated lower limit of normal approxiinated 11
g dl. The reference standards described in this sec-
tion were in almost all cases derived by using a
similar approach.

Particular attention to blood sampling is also re-
quired in infants and children, especially since ira-
properly collected capillary samples can be a major
source of error. Fingerstick blood can readily be ob-
tained from infants by health workers after a little
training. The key points in obtaining a good sample
are that the extremity be warm in order to facilitate u
free flow of blood, and that any squeezing of the
finger be avoided in order to minimize contamination
of blood with tissue fluid. Samples of venous blood
can be obtained in larger volume and with no more
pain than capillary samples. Howcver, a second per-
son is needed to immobilize the extremity of infants
and young children for purposes of venipuncture.
Health workers with limited experience will also have
more difficulty in entering a vein, particularly in
children between six months and two years of age
when the vein is likely to be obscured by sub-
cutaneous fat.

B. Selection of Laboratory Tests. The diagnosis of
iron deficiency must of course begin with an accepted
definition. One practical definition is to consider iron
deficiency present when the iron supply is inadequate
for the normal synthesis of essential iron
compeunds.' Since hemoglobin is the most readily
measured essential iron compound. an increase in



hemoglobin concentration in response to iron ad-
ministration can be regarded as presumptive
evidence of prior iron deficiency (provided that
recovery from anemia of infection can be excluded).

Although it seems conceptually acceptable to base
the definition of iron deficiency on the concentration
of hemoglobin. there are practical difficulties in
determining whether any given individual does or
does not have a hemoglobin below Jus normal level.
This is so because normal and abnormal values in a
population overlap to a considerable degree Using
the customary values to separate normality trom iron
deficiency. many potentially iron-responsive  1n-
dividuals may go undetected while many of those
identified as anemic may not prove to be ron-
dehicient © Thus large errors are introduced when
hemoglobin is used as the onl laboratory test. This
overlapping of hemoglobin values 15 an obstacle to
detecting those individuals whose hemoglobin 1s no
more than 2 g dl below their potential level, there is
less chance that values will overlap into the normal
ranx2 when anemia 1« more severe

Fortunately. other tests can be combined with the
analysis ot hemoglobin to improve discrimination
between normal and ron-deticient individuals.
These tests include the mean corpuscular volume, the
transternin saturation. the red cell protoporphyrin.
and the serum ternitin Each of these measurements
behaves somewhat ditferently and s subject to dif-
terent errors Consequently. the most suitable com-
bination ot tests will vary in ditterent situations,
depending tor example. on the prevalence of ron
deticiency. whether co-exising infection or lead
potsaming is common. or wheth 'r thalassemia minor
fa genenc traitr 15 prevalent in the group being
evaluated

One tactor attecnng the <election of tests s the
volume of the blood sample and the manner in which
it is obtmned Witk the exception of the transiernin
saturation cack o the tests can be pertormed on 0 2
mlat Blood or less an armount that s castdy obtained
by t.ngerstick The determiration ot werem iron and
total iror minding capacity trom which transternin
saturatien s caiculated requires g greater amount of
pined then o readily obtained by methods other

than enipunciure

The «w@lection o tests will aiso depend on the equip-
ment avanable. whether analyses are done locally or
I a centrai laborators and the ievel of training of
the laboratary technician  Another important con-
sideration in selecting laboratory tests 15 the time re-
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quired to obtain the results of the analysis. 1t is
destirable to use procedures that allow the detechion
of an abnormality and imitiation ot treatment during
O single visit,

1. Hemoglobin. The concentration of hemoglobin is
most reliably measured after accurate dilution of the
blood sample in a solution that converts hemoglobin
to cyanmethemoglobin. which is then quantified
spectrophotometrically.’® A simpler but less
reproducible method involves a visual color com-
panson.

The normal postratal changes in hemoglobin con-
centration were discussed above. Figure 12 and Table
Il show reference values for hemoglobin concentra-
ton abrer <iv months of 252, laboratory testing for
iron deficiency is rarely done prior to this age. The
reference values are based on venous blood from a
white, non-indigent population hiving at sea level. ex-
cluding individuals who have other laboratory
evidence of iron deficiency or thalassemia minor.
There is a gradual rise in values throughout
childhood. and at puberty there is a further increase
in concentration of hemoglobin in adolescent boys.
An approximate correction for altitude based on data
from adults'® can be obtained by increasing the
values by 4% per 1.000 meters elzvation.

An anresolved question relates to the apphication of
the reference standards shown on Figure 12 and
Table T to blacks. Evidence to date indicates that
blacks normally have a hemoglobin concentration
that s about 0 5 dl below that of whites at all ages,
except perhaps in the permatal period.' 2 This dif-
terence does not appear to be due to iron deficiency,
thalassemia minor. or differences in soGo-cconomic
status ' further studies contirm that this difference
exasts and s independent ot health factors, it may be
necessary to adjust the reference standards shown on
Figure 12 and Table 11 downward by about 0.5y d.
‘n blacks. Failure to do vo mught result in falsely iden-
titving about 10% of the normal black population as
anemic.

Further study is required to determine the extent to
which the hemoglobin :oncentration might differ in
capillary and venous samples. In the first week of
life, capillary values are <:hstantially higher than
venous concentrations,’ presumably due to
pericapillary flow of plasma and a consequent in-
crease in the concentration of red cells. There is some
evidence that venous hemoglobin values are higher
than capillary concentrations in infants at about a
year of age.'* but this finding requires further
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substantialion with special attention to assure that
capillary samples are obtained under ideal cir-
cumstances.

Iron deficiency 1s by far the most common cause of
anemia. However. in planning public health pro-
grams for the prevention of iron deficiency, it is im-
portant to base estimates of prevalence on the com-
bination of other laboratory tests with the assessment

in

of anemia and, if possible, to confirm the estimate by
therapeutic trial with iron. Anemia cannot be
equated with iron deficiency because inflammatory
disease and thalassemia minor also commonly cause
anemia, and also because of unresolved issues in the
application of reference standards, as for example in
blacks. In addition, because of the large overlap of
values between normal and iron-deficient popula-
tions, a hemoglobin value within the “nogmal” range



TABLE I

Hemoglobin and Mean Corpuscular Volume (MCV) at Various Ages. Means and lower limits of the 95% range
are tabulated (based on Dallman and Siimes, 1979).°

Hemaoglobin (g dD MCV (fhy
Age Lower Lower
(yr.) Median limit Median limit
05-2 12.5 11.0 77 70
2- 4 12.5 11.0 79 73
-8 13.0 11.5 81 75
8-11 13.5 12.0 83 76
11-14
Female 13.5 12.0 85 78
Male 14.0 12.5 84 77
14-18
Female 14.0 12.0 87 79
Male 15.0 13.0 86 78
18-19
Female 14.0 12.0 90 80
Male 16.0 14.0 90 80

does not assure the absence of iron deficiency !

2. Hematocrit The hematocrit is measured after cen-
trifugation of a minute amount ot blood that has
been collected in & heparinized capillary tube.** The
hematocrit 15 then calculated by comparing the
height of the column of packed red ceils with the
height of the entire column of red cells and plasma.
Ar advantage of this method 1s 1ts technical simpli-
aty. particularly when applied to capillary blood
samples. A disadvantage hes in the uncertainty about
wkhethe, the hematac:it 1s as sensitive an indicator of
iron deficiency as the hemogiobin concentration
When mean values in large groups of subjects are
compared. the hematocrit 1 generally equivalent to
the hemosiobin multiphed by threc. For example,
this relat:onshup exists between a hemoglobin of 11
g dl and a hematocrit of 3372, the lower limits of
normal for infants skown on Table I11.

The determination of the hematocrit has been as-
sumed to be a convenient and reliable alternative to
the analysis of hemoglobin concentration: however,
recent evidence suggests that this assumption re-
quires reexamination.'* When hemnglobin and
hematocrit were determined in children between one
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and two years of age, almost three times as many
subjects had low hemoglobin values as would have
been predicted on the basis of the number of low
hematocrit values. However, because of the conve-
nience and widespread use of the hematocrit method,
it will be important to obtain confirmation of these
findings before concluding that the hematocrit is less
useful than the hemoglobin concentration in screen-
ing for anemia.

3. Mean Corpuscular Volume (MCV). Electronic
counters measure red cell volume directly and ..ave
made the MCV an accurate and practical laboratory
test. Formerly, the determination of the MCV was a
time-consuming and poorly repreducible procedure
since it was derived from the ratio of the hematocrit
to the red cell count obtained by microscope. The
direct determination of red cell volume is highly
reproducible and actually less subject to sampling er-
1or than the hemoglobin determination; dilution by
“issue fluid or fluctuations in plasma volume do not
affect red cell size. Although the initial purchase of
an electronic counter involves a large expenditure, it
allows many sampies to be processed by one techni-
cian. The ability to determine hemoglobin concentra-
tion and red cell volume with the same instrument is



in additional advantage.

Reference values for MCV are shown on Figure 13
ind Table [11.* Red cells are normally larger at birth
‘han in the adult but red cell size decreases during the
irst six months of life. Red cell size is smallest during
he remainder of infancy and gradually increases dur-
ng childhood. Mean values in girls are slightly
righer than in boys after seven years of age but no
ex differences are reported in adults.

A low MCV with anemia 15 most commonly
issociated  with jron  deficiency but is also
haracteristic ot thalassemia minor. This is not an
mportant consideration among populations where

thalassemia minor is rare. However, where
thalassemia minor is common, c.g. in blacks,
Mediterranean populations, and in Southeast Asia. it
must be taken into consideration. Other conditions
rarely result in the combination of a low hemoglobin
and a low MCV.

Other red cell indices can also be obtained by elec-
tronic counter, but they are not directly measured
like the MCV. The mean corpuscular hemoglobin or
MCH. which undergoes similar changes in iron defi-
ciency as the MCV, denved by dividing
hemoglobin concentration by red cell count. The
mean corpuscular  hemoglobin  concentration
(MCHCQ) 15 the least directly measured and least
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iseful of the indices obtained by electronic counter.
lecause the MCHC can be calculated by dividing
iemoglobin by hematocrt. it is the only red cell in-
that
ounters However. it s the least sensitive ot the in-

lex v readily obtained  witheut  electronic

hees in the diagnoss ot ran deticiency

\saron deticiency develops the decrease in MOV ap-
wars to occur at abou! the same nime s anemia
taris to develop and mav actually represent a greater
elathive deviahion trom normal - i the results ot
«ath  hemoglobin and MOV

vailable. they can be used to decrease errors due to

determinations  are
veriap o aormal and abnormal values when only
ne test is Gsed  For example. the Lkelihood ot an ab-
crmairty s great 2 poth values hie pelow the 10th
ercentile becasse thiswvould rareis occur by chance
v a normal individaai

. o, n )
Froc protresoule girclop ey

FED

sthaentiron s avadabie o combine wath protopor-

“henan.
hvein to tarm heme. Inere s an accumuiation of
ratoparphyvan in the red bleod cell The FEP can be
wasired rapidly by o ample Huorescence assay
Ais can be done ether by emploving o Heorometer
roan nstrument especaily desnened tor dicectly
by the
* The latter re-
The FEP 18

deticiency

etermirinie red  ceil protoporphvrin

vorescence ¢ g thin tum ob blood
e lechrcian nme or training:

setul n disnesuishong

uIres o

1r0n trom
ralassemia minor s elevated an ron debicency
et rormal o thalassemia minor 5 However.
evated protoporphunin values are obtained not
niv e sron detioency bat also iantlammatory
wease and with exposure to lead There also appear
1 be normal deveiopeaenial chanites in FEP values.
high FEP wvaiues are present at two months of age
athout beini indicative ot aron det:aency. S ron
ores are abundant at this age During the remainder
Eintaney. FEP vaives are reported to be comewhat
iwher than n the adalt but durninyg this period of
eveiopment it has net been conclusively deter-
ured whether or cotiron detiGency was responsible

o Lie chitterence -

i of the tests discussed so far (hemoglobin,
ematocrit. MCV. MCH. and FEP) can be performed
ipidly. Under ideal circumstances. if the lavoratory
alysis can be done shortly after blood sampling. it
possible to make a diagnosis of iron deficiency and
atiate treatment in a single visit. These laboratory
sts also have the advantage of being interpretable
sen after recent ingestion of medicinal iron and of
flecting the degree of repopulation of the blood by
yrmal red blood cells during the course of treat-
ent ¢!
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5. Transferrin Saturation. The transferrin saturation
1s calculated by dividing the concentration of serum
iron by the total iron-binding capacity and muiioly-
ing by 100 to express the result as percent. Almos. all
of the iron in the serum is bound to the iron-binding
protein, transferrin. Serum irn* und iron-binding
capacity®* are most commonly measured by spec-
trophotometric techniques. The assay when done
manually i~ difficult, time-consuming. and subject to
error due to contaminating iron in the environment.
Automated techniques provide more reproducible
resuits and permit the analysis of a large number of
samples.’* However, the initial investment in equip-
ment is hirh.

Duniny; the neonatal penod. the transferrin satura-
non 1 hagher than at any other age *" However, atter
about tour months of age. 1t decreases to values that
are lower than in the adalt: this s true even after
large therapeutic doses ot aron have been  ad-
ministered S5 Inoadults. o transfernin saturation of
lo 1s commonly conadered the lower limit of nor-
mal. A corresponding value 1n children between 6
months of age and adolescence 18 7 or 109% .47
Seven to 1o
termediate zone with overlapping of deficient and
normal individuals #* The measurement of transter-
rin saturation 1s widely used as a contirmatory test in

in children can be considered an in-

the diagnosis ot iron deticiency . For survey purposes,
it is essential that the assay be used in combination
with other tests and that normally lower values in in-
tants and children be taken into account in the inter-
pretation

There are large biological variations in serum iron
that result 1n many false positive and negative
diagnoses when transferrin saturation is used as the
only test of iron deficiency. After about three years
of age, there is a diurnal variation in serum iron,**
usually with high values in the moming and low
values at night. In a group of healthy adults. the
magnitude of this fluctuation was reported to fall
from an average high of 47% in the momingto 13%

at night.*

The transferrin saturation may decrease in inflam-
matory disease, as well as in iron deficiency. In some
cases, the total iron binding capacity (TIBC) may be
helpful in distinguishing the two conditions.*' A high
TIBC suggests iron deficiency, whereas a low value is
characteristic of inflammatory disease.

6. Serum Ferritin. The measurement of serum ferritin
allows the estimation of iron stores by non-invasive
means. Ferritin is normally present in the serum, but
in such small quantities that it remained undetected



1til recently. Serum ferritin is measured by radioim-
unoassay.’*** This is most easily performed as a
1e-day assay, employing a kit. Hocwever, it still re-
sires the availability of a gamma counter and a
ghly trained technician. For these reasons, the test
relatively expensive. The advantage of the serum
mitin assay is that it allows evaluation of iron
atus within the normal range. as well as in condi-
s of iron deficiency and excess.’® ** information
at is invaluable in nutrition surveys and that can-
’t be provided by other means.

1anges in the concentration of serum ferritin
cording to age parallel known changes in iron
ores.’” The curves shown on Figure 14 are in-

dicative of average iron reserves at various stages of
development: abundant reserves in most newborns,
adult men, and elderly of both sexes, and lower
reserves in children and women during the childbear-
ing years.* 7 At all ages. a serum ferritin value
below 10 or 12 ug/liter indicates depletion of iron
reserves. A low concentration of serum ferritin is
characteristic only of iron deficiency. However,
when inflammatory disease and iron deficiency coex-
ist, serum ferritin values may be within the normal
range.’*

One area of uncertainty is the reliability of the serum
ferritin in diagnosing iron deficiency in infancy.
Although a low serum ferritin is present in iron defi-
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ciency,’* " a normal serum ferritin does not exclude
this possibility. In a group of 225 healthy infants who
had serial laboratory studies during the first year of
life. six of them had developed evidence of iron defi-
ciency by hemoglobin (<11 ¢ dl). MCV (<70 fl),
and transferrin saturation values (< 10%)."" All of
these intants had serum territine that were in the nor-
mal range. even though subsequent iron treatment
resulted 1n an increased hemoglobin concentration.
This phenomenon has not been apparent in alder
children or adults. Another caution in the use ol
serum terntin apphes to the talselvy high values that
may be obtained duning the hirst tew weeks of 1ron
treatment.

7. Therapeutic Trial - Perhaps the most  reliable
criterion of iron deticiency anemia 1s the hemoglobin
response o an adequate therapeutic tnal of iron. A
therapeunic trial aliows the recogmtion of individuals
whose although within the
reterence range. are low tor those individuals Tho
therapeutic trial 1s a classic method tor determinine
the prevaicncc of iron deficency in populations, aid

hemoglobin values.

<an be particularly informative when both placrbo
and ron treatment groups are employved © However.
ethical considerations are becorning more of a con-
straint op using placebo groups Informed consent 1s
considered appropriate tor such <tudies 1in many
countnes. but this procedure may negate the value ot
the placebo group by calling attention 1o a readily
correct:bie torm of malnutrit:on In addition it may
be ditticult o wshity either wathholding treatment
trom subsects who are almost certain to be deticient
or conversely treating those who are almost certain
a0t o require it

C Popuiation Surceus Surveys to  determine
prevalence ot iron deficiency require careful atten-
ton to the selectinn ot an appropriate study popula-
ton. ‘re development of a well-defined experimental
desigr . and appropriate statistical analysis.* [n the
planring  of laboratory analyses centralized
labo- atory faciities offer the advantages of uniform

VL.

standards and performance of an assay by the same
technician. In these situations, hemoglobin and MCV
constitute an excellent combination because ex-
tremely large numbers of samples can be handled
with an instrument that is used for both of these
assays. The serum ferritin, as a third test, offers
special advantages in surveys, not only for confirm-
ing the presence of iron deficiency anemia. but ‘or
estimating the iron reserves of the remaining popula-
tion. Alternatives to serum ferritin as a third test are
the transferrin saturation and the FEP. The best com-
binations of tests remain to be determined and
verified by therapeutic trial. It is likely that different
solutions will be found to suit different local re-
quirements.

D. The Choice of Ages for Detection of Iron Defi-
ciency. Most cases of iron deficiency are mild and do
not result in symptoms that are recognized as requir-
ing medical attention. Iron deficiency is therefore
most  commonly detected through the routine
lat-oratory assessment of populations that are at par-
ticular risk. The usual goal is to identify subjects with
anemia who are likely to have a hemoglobin response
with administration ol iren and/or an improved diet.
Among irfants and children, laboratory detection of
anemia is commonly recommended at about one
year of age in term infants and six to nine months of
age in preterm infants, ages at which the prevalence
of iron deficiency becomes high in many popula-
tinns. ** Other suitable ages for the laboratory detec-
ticn of anemia are between two and three years, at
about five years in the pre-school child, and in
adolescence. The most appropriate times will depend
on the prevalence of iron deficiency at various stages
of development, which will differ according to the
population. The decision of when to recommend
laboratory detection of anemia 1s ideally based on
previous experience with children in the same clinical
setting. The value of the procedure in terms of cost
sersus benefit can only be evaluated by determining
the number of subjects that must be seen in order to
detect cach individual with iron-responsive anemia.
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VILI.

TREATMENT

Oral admuinictzation of terrous sultate 1s the treat-
ment ot choice tar glmaost all cases ot iron deticiency
This arer
which the cthicacy of 3 multitude ot
pounds o measured and it s as well tolerated as
romparatic doses ot other therapeutically ettective

compound remains the standard aparnst
ulht‘r com:

Some slow releas prepacations may
but

their n:igher ost would be ustihied only in «ettings

preparations
be absorned as well a6 ardinary terrous sultate
where wastrointestingl ade ettects are common lron
wlts and ascarbic ac-d have beer combined 1n some
Proepre tasy preparatinns with tne purpose ot enhanc-
Ny ascorbic sad s
relatively arettective in stimuiating the absorption ot

iren absarpion . However

medicingi iron e contrast to the marked ctfect thot
1t hasin ennancaing the abswirption of ron in foods

[ .
that will be adequate tar the most rapid posable in.
creast 10 concentration of hemoglobin Studies 1n
adults phlchbotomized 1o a3 stable
hemagloban ot 10 x dl showed that an optimal

The dose ot aral iron s based on the amount

who  acre
nemoglorin response could be obtained with 100 my
ot elemental iron (a the torm of terrous scltate di-
vided intn twi doss one at breaktast and one ot
dinner * Admanistratinon ot :ran betwern meals will
INCrease the percentage absarbed A comparable
dose about Y my by per dave s slso recommended
A dose ot o
ras been wadels intants and
children prohabl. high
Althaugh the responw in bermaoglobin should be vair-

av adequate tor intants and (hildren
mx kx das swed n
hut s unnecessanly
tugll. complete atter 1w moaths therapy should
ideally pe maintair od taor 3 longer period o allow
accumulation ot <. rage iron This can be accomp-
hahed by continuing treatmen: tor o total of about
five monthe I intestinal intnlerance to aran «aft

occurs  a reduction in dose or administration with
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mcals should result in improved tolerance.

Side cffects do not appear to be common in infants®
and children. but this has not beer as extensively
studied as 1n the adult [t scems celatively rare that
medication n children 15 stopped because of con-
stipation. diarrhea. nausea. and epigastric pan or
heartburn  which are common side ettects in the
adult © This impression could be attributable to the
tact that infants and young children are less able 1o
recogmze and explain symptoms than adults

An alternative approach to the treatment of mild
iron deficiency anemia espeaially 1n infants, s the
use of non-forbied tood Although this s an ac-
cepted methad of preventing iron deficiency. there s
slso ample evidence of e therapeutic cticctiveness
ot some tortbied toods For example  anemia in
pretermanfants can be rapidly reversed with the use
ot wron-forbhed formula despite the unusually large
baweline iron requirements imposed by a rapud rate of
sxrowth tFig 151 ¢ In contrast to medicnal wron, this
tarm ot trectment has the advantage of posung no
toxic hazard due to overdose or acidental ingestion
by sblings agnificant  gastro-
intestinal side eftects appear to result trom tortibica-

Furtnermore  no

ton aron added to intant tlormula *

Therapeutic iron v best absorbed durning the furst
month of treatment and less well subwquently. For
example adults yiven 100 my iron as ferrous sulfate
twice 3 day with meals abcarbed an average of 14%
duning the first week of therapy compared to 7%
after three weeks and 2<% after four months of treat-
ment * Thus the fiest month would sppear to be the
most important in determining the success of treat-
ment 1t 1s also hikely to be the best peric. Jin terms of
comphance
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Medications for young children are generally given in
liquid form. Iron in liquid form is apt to cause somc
staining of the teeth. This is not perinanent and can
be removed by brushing. Staining can be minimized
by adrministering the medicahen on the back of the
tongue.

A major concern in children relates to the nossibility
of accidentai overdose Serious iron toxicity 1s a com-
mon  consequence o acadental drug ingestion.
especiglly between the ages of one and five vears 1f
medication 1s not kept out of reach Alliron prepara-
tions shouid be labelled  Caution® Keep ouc of reach
ot chuldren A high prevalence of this torm of to-
' s evident trom a report descnbing oo children
with acute iron pasoning who were admitted to one

hospital over a three year period.'® The risk of acute
iron poisoning can be decreased by avoiding prepara-
tions that look or taste like candy, by not dispensing
excessively large amounts at one time. by using con-
tainers that young children cannot readily open, and
by warning parents to keep the medication in a safe
place.

Rish of Infection. Recent reports have suggested the
posability that oral'* or intramuscular'* '' iron
therapy can reactivate pre-existing infections such as
malaria. brucellosis, and tuberculosis in populations
where these infections are common. [t has been
postulated that iron deticiency suppresses certain in-
tections by depriving invading microorganmisms of the
ron needed tor growth. The implications of this
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hypothesis for infants and children are the subject of
two recent reviews." ** At present, the benefits of
preventing or treating iron deficiency by fartification
of fcods or by oral administration ot iron seem to
outweigh the risks under most conditions. However,
the possible risk of reactivating latent infections in
suscephible populations should be turther evaluated.

Response  The laboratory abnormalities of
hemoglobin. FEP.* and red cell volume are most
rapidly corrected within the tirst month of treatment.
and the response 15 generally complete atter two to
three months One or maore of these tests can be
cepeated atter either interval to determine whether or
not there has been a response to aron therapy. In
cases of severe anemia the reticulocyte response can

best be detected after one to three weeks. This
response may be delayed where there is a concurrent
infection or inflammator:+ a‘sease. Iron absorption is
decreased in febrile children who have minimal or no
stainable marrow iron (Fig 16).'* '* Poor iron absorp-
tion is also common in infants with severe protein-
calorie malnutrition' prior to autritional rehabilita-
tion. It is also reported in otherwise well nourished
iron deficient children®® but this appears to be rare.

The reticulocyte count is a relatively laborious and
t.me-consuming laboratory procedure, and s
therefore not an appropriate test in many clinical set-
tings. In addition, when anemia is mild. asitis in the
vast majority of cases, the reticulocyte response is
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usually of insufficient magnitude to be reliably
detected.

The use of intramuscular iron (generally in the form
of iron dextran) is rarely warranted. except perhaps
when adminstration ot oral iron medication cannot
he relied upon or when the possibility of follow-up is
uncertain. Intramuscular injections may be painful
and skin d scoloration s common it special care 15
not taken to avord back-How mto subcutancous
tissues. The therapeutic response s not sigmiticantly
more rapid than with oral medication. There 1s also
concern that parenteral iron may predispose to intes -
tion. -+ The basis tor this concern has been derved
primandy trom i citro studies but some chimical
studies are also sugzestive Severe anaphvlactic reac-
hons rarely occur with intramuscular or intravenous
injections. Theretore, parenteral medicanion should
only be uwd when there v a pood reason 1o
substitute 1t tor oral medication, as tor caample after
there has been an apparent lack o response to oral
therapy in a patient who has sfrong laboratory
evidence ot iron detiaency. It malabsorption ot iron
15 suspected. a comparison between the concentra-
tion ot tasting serum arons betore and 2 hours atter o
dase ot 1 mg elemental iron as ferrous sulfate 1s
helptul -* However. 1t <hould be kept 1n mind that
malabsorption ot iron s relatively rare. but tailure to
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administer medication is common.

The use of intramuscular iron (generally in the form
of iron dextran) is rarely warranted. except perhaps
when administration of oral iron medication cannot
be relied upon or when the possibility of follow-up is
uncertain. Intramuscular injections may be painful
and skin discoloration is common if special care is
not taken to avoid back-flow into subcutaneous
tissues. The therapeutic response is not significantly
more rapid than with oral medication. There is also
concern that parenteral iron may predispose to infec-
tion." '* The basis for this concern has been derived
primarily from i oitro studies but some clinical
studies are also suggestive. Severe anaphylactic reac-
tions rarely occur with intramuscular or intravenous
injections. Theretore, parenteral medication should
only be used when there is a pood reason to
substitute it for oral medication, as for example after
there Sac been an apparent lack of response to oral
therapy in a patient who has strong laboratory
evidence of iron deficiency. If malabsorption of iron
is suspected. a comparison between the concentra-
tion of fasting serum irons before and 2 hours after a
dose of 1 mg elemental iron as ferrous sulfate is
helpful.** However. it should be kept in mind that
malabsorption of iron is relatively rare, but failure to
administer medication is common.
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VIIL.

THE PLANNING OF AN INTERVENTION
PROGRAM: A CASE STUDY*

Prevalence of iron deficiency in Chile is very high,
particularly in infancy. Several surveys conducted
mainly ameng an urban lower class and lower-
middle class socio-economic group have shown the
presence of anemia in 20 to 40% of infants between
the ages of 6 and 24 months. Many factors contribate
to this high prevalence of iron deficiency: breast
feeding is of short duration. there are essentially no
ron-fortified products available for infants, in-
troduction of solid foods in the diet is late, and
medicinal iron 1s seldom prescribed for prevention of
tron deficiency.

During the first year of life. Chilean infants are fed
mainly powdered milk, distributed by the National
Health Service (NHS) through a national program of
food supplementation. This s a large program that
serves about 80% of the total infant population.
Each infant tar his nursing mother) now receives 3
kg month of full-fat (26%), unfortified. powdered
malk between birth and 6 monthe and then 2
kz month until 2 years of age.

Efforts to utihize the national program of milk
distnbution as a means of preve:ting iron deficiency
in infants began several years ago. The simplest way
of doing this appeared to be the addition of a soluble
iron salt to the product. Consequently. the low-fat
(12% 1 milk powder being distributed at the ime was
experimentally tartified on a pilot basis with 15 mg of
elemental iron as ferrous sulfate per 100 grams of
milk powder. Isotapic studies conducted in healthy
but primarily iron deficient infants revealed that 3 to
4% {geometnic mean, of the fortification iron was

absorbed.

*Supported in part by grants from the Research
Corporation and the United Nations University.

A field trial with this product began in 1972 in three
NHS clinics. Healthy term infants who had been
weaned before 3 months of age received either the
fortified or the unfortified. control milk until 15
months of age. A nurse visited each infant’s home
every two weeks in order to monitor and encourage
the consumption of the product and to perform a
dietary survey. Stool samples of the infants were
periodically analyzed for iron as a means of deter-
mining actual ingestion of the fortified milk. A total
of 603 infants entered the field trial, 382 could be
studied at 9 months of age and 314 at 15 months.
Even though the study involved infants of low socio-
economic status, incidence of protein-calorie
malnutrition wa: low and was therefore not likely to
have been a complicating factor in the study.

At 9 and 15 months of age, there were significant dif-
ferences in hemoglobin concentration between the
two groups. Anemia (hemoglobin below 11 g/dl) was
pre<ent in 27.7% of the control infants at @ months
and in 34.6% at 15 months of age. Corresponding
figures in the fortified group were 20.7% and 12.7%
at 9 and 15 months respectively. Differences between
the groups in respect to transferrin saturation and
free erythrocyte protoporphyrin were small.

Infants who consistently had more than 15 mg
iron/100 g stool were selected as representing a
subgroup of subjects in whom the consumption of
fortified milk was most likely to have been as
directed. Milk distributed to families through the na-
tional program is sometimes sold or shared with
other members of the family. Mean values for
hemoglobin concentration and percent saturation of
transferrin were higher in infants who were shown to
have consumed the fortified milk than in the fortified
group as a whole, but anemia still existed in 14.8% of



the group receiving iron-fortified milk at 9 months
and at 15 months of age. The 0.3 to 0.4 mg of for-
tification iron that these infants would be predicted
to absorb per day proved to be inadequate for the
prevention of anemia in all cases. The transferrin
saturation and free e.ythrocyte protoporphyrin
values supported the conclusion that persistence of
iron deficiency was common despite consumption of
the iron-fortified milk.

In response to these disappointing results. we con-
sidered the use of ascorbic acid as a means of improv-
ing the bioavailability of fortification iron in milk.
Preliminary double 1sotope studies showed an in-
crease in iron absorption by o factor of 1.8 and 2.8
when ascorbic acid was added in a ratio of 100 mg
and 200 mg. respectively, per 15 mg of iron. As a
result. a new fortified formula was developed con-
taining 15 mg of iron as ferrous sulfate and 100 mg
ascorbic acid per 100 g of milk powder. The product
was alse slightly acidified in order to modify the taste
suthciently to discourage its consumption by other
members of the family and still have it acceptable to
infants. [ron absarpt:on from the new formula varied
between a geometric mean of 10.7 and 12.0%. higher
by a factor of 2.1 ta 2.7 than absorption from the for-
tihed milk without ascorbic acid (Table V).

A pilot study with this formula was started in 1976 i
three communities at the periphery of Santiago. Tt
experimental design was similar to the first trial. Tw
hundred and eighty intants entered the study in tt
fortified group and 278 in a control group receivir
the regular unfortified milk. Acceptance of tt
acidified milk was very good with about 90% of ir
fants still taking it at 15 months of agc. Preliminar
analysis of laboratory data showed significant di
ferences between the two groups in hemoglobir
serum iron, TIBC. transferrin saturation, FEP an
serum ferrilin at 9 and 15 months of age. Anemia wi
present in 7.5% of infants receiving the fortified mil
at @ months of age. but in only 1.6% at 15 month:
Corresponding figures in the control group wet
34.7% and 27.8%. At 15 months, only 6.4% of ir
fants in the fortified group had a transferrin satur:
tion below 9% veisus 35.2% in the control groug
Free erythrocyte protoporphyrin valuss over 1€
u g-dl were present in 22.4% and 4.6 of the cast
respectively (Figure 17).

It is clear that improved bioavailability of the iron i
the formula with ascorbic acid was confirmed in ou
field trial. Iron deficiency was shown to be the majc
cause of anemia in the study population, and th
anemia could be essentially erradicated by the use ¢

TABLE IV
ABSORPTION OF FORTIFICATION IRON FROM AN ACIDIFIED MILK FORMULA WITH ASCORBIC
ACID
Batch Study n Hemoglobin  Transferrin Iron Absorption (%)*
Date Date g dh Saturation Low-Fat Acid Milk B/A
(%) Milk + vit.C
(A) (B
775 775 9 11.8° 9.1 5.5 12.0 2.2
110.8-12.8) (5.2-13.2) (0.8-9.0) 4.7-27.0) (1.2-6.0)
9 75 776 17 J1.2 Q.2 4.0 10.7 2.7
18.4-13.3) 12.1-14.7) (0.2-27.6) (3.1-51.5) (1.0-10.1)
V776 776 HR) 114 12.1 4.9 11.3 2.1
(9.5-12.8) (2.4-28.6) 11.8-25.4) (1.9-31.1) (0.4-7.7)
‘Ceometric mean
*Mean values and range 1n parenthesis
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FIGURE 17

Cumulative plots of individual values of hemoglobin, transferrin saturation. and free erythrocyte protopor-
phyrin (FEP) at 15 months of age in infants receiving unfortified milk (-) or acidified milk fortified with iron and
ascorbic acid (—). The height of the columns indicates the percentage of infants with hemoglobin <11 g/dI
(top). transfermir. saturation <9% (middle), and FEP =100 yg/100 ml RBC (bottom) in each of the two groups.




milk fortified with iron and ascorbic acid. However,
a question still to be answered concerns the long-
term acceptance of the fortified, acidified milk under
the normal operational conditions of the national
supplementation program when the close supervision
of the pilot studies is no ionger a factor. This is now
being studied in a section of the city uf Santiago with
about 400,000 inhabitants.
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Various methods of manufacturing and packaging
the formula are al;o under investigation in order to
mabke it possible for the suppliers of the national milk
program to acopt uniform, new specifications. Even-
tually, the nationwide distribution of iron and ascor-
bic acid fortified milk will depend on a governmental
decision regarding the additional expense compared
to the presently 1:2ed milk.



IX.

RESEARCH NEEDS

Aithough much has been learned about the iron
nutrition of infants and children within the last few
decades, there are many problems that still deserve
study.

The interaction between iron nutrition and infection
is a topic of importance, especially in developing
countries. The iron-binding proteins, transferrin and
lactoferrin, have been shown to have bacteriostatic
properties in vitro that are lost when these proteins
are iron-saturated. If these proteins are major factors
in resistance to bacterial infection. they may play a
key protective role during the period of
physiologically low concentrations of immune
globulins in infancy. This possibility is the basis for
concern that therapeutic iron, particularly in
parenteral form, could predispose to infection. This
problem has been the subject of several recent
reviews and clearly deserves further investigation.

Anothar area of continuing interest is the basis for in-
testinal bleeding induced by cow's milk and the
determination of its prevalence. especially in infants.
The effects of cow’s milk may have broader implica-
tions than simply in the rezln of iron nutrition. Since
milk 15 a major food in the diet of infants and
children in many parts of the world, it would be
helpful to know more about its effects on the in-
testinal mucosa: bleeding may be only one of several
manifestations in susceptible infants and children.

The basis for the high bioavailability of iron in breast
milk remains unclear, although several possibilities
related to its protein, lactoferrin, and mineral content
have been suggested. There is also some evidence
that the absorptive function of the intestinal mucosa
is conditioned by prior diet. These are promising
areas of inquiry that may provide information ap-
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plicable to improving the bioa: .ilability of iron in
other foods.

In recent years much information has been obtained
on iron absorption from various types of meals in
adults. More corresponding information for infants
would be valuable. For example, is the iron absorp-
tion from breast milk or fortified formula com-
promised by feeding infant cereal at the same meal;
or alternatively, does breast milk or formula
facilitate the absorption of the supplemental iron that
is contained in infant cereal?

The methods that are used to diagnose iron defi-
ciency require further refinement. Alternative com-
binations of tests need to be compared in various
clinical settings in order to determine how best to
assess the prevalence of iron deficiency in popula-
tions and to diagnose it in individuals most
economically. This would be facilitated by the
development of simple and less expensive in-
struments that can be used by health workers after
very little training.

The prevalence of iron deficiency in relation to the
adolescent growth spurt has received little attention.
In boys, the peak in the growth spurt and a rapid rise
in hemoglobin concentration coincide. In addition,
with onset of active physical labor or sports, blood
volume may increase substantially, with a concomi-
tant increase in total red cell mass. The influence of
these factors might be obscured unless it were
specifically looked for in nutritional surveys.

Another area requiring further investigation is that of
determining the svstemic consequences of iron defi-
ciency. In recent years there has been a growing body
of evidence to indicate that iron deficiency can com-



_promise celiular immunity, musle function, in- fects of iron deficiency in terms of systemic

testinal absorption. and thermogenesis, all in- manifestations. This type of information is important
dependently of its effects on anemia. Further studies in assigning an appropriate priority to programs
in this area are required to determine the subtle of- aimed at elimination of mild iron deficiency anemia.
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