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Preface

force of specialists from various fields met with rep-
resentatives of the federal government, academia and
industry to review recent research findings. This
monograph is the result of their collaborative efforts.
INACG is grateful for their generous contributions.
The members of the task force and the INACG
Secretariat are solely responsible for the contents of
this monograph.

A list of those who participated in the series of
meetings follows.

C. O. Chichester, Ph.D.
Vice President
The Nutrition Foundation, Inc

The International Nutritional Anemia Consulta-
tive Group (INACG) is dedicated to reducing the
prevalence of nutritional aMlnia worldwide. In ful-
filling this mandate, INACG sponsors scientific re-
views and investigations by expert advisory task
force groups on issues related to the etiology, treat-
ment, and prevention of nutritional anemias.

Several studies on the bioavailability of iron in dif-
ferent dietary settings with special focus on the in-
fluence of cereals and legumes have been initiated in
recent years. The need to examine pertinent data
from these investigations and to assess their impact
on iron nutriture are acknowledged as being impor-
tant to the establishment of public policy.

At the invitation of the INACG Secretariat, a task
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Introduction

influence of cereals and legumes. While data concern-
ing cereals are of great relevance in this regard. a
more immediate impetus for these meetings was the
recent finding that the iron in a major legume. the
soybean. is poorly absorbed and that soy products
may inhibit the absorption of iron from other foods.
These observations are potentially important since
soy products are being used increasingly as dietary
substitutes for animal protein. In particular. they are
used as meat extenders and as a source of protein in
weaning foods distributed to developing countries. A
major aim of this subcommittee was. therefore. to re-
view present knowledge in this area. and to examine
the pertinent experimental data. Many of the studies
that are included in this report are unpublished. but
our discussion of these data is based on a detailed re-
view of the manuscripts. This report deals almost ex-
clusively with human studies because it has proven
difficult to make quantitative or qualitative extrapo-
lations from iron absorption experiments in animals
to man.

C~~al products and legumes make up the bulk of sta-
ple di~ts in large parts of the world. In contrast, the
intake of meat in these areas is usually very small.
Meat consumption is much greater in Western coun-
tries but the~ has recently been a trend in some parts
of the world to reduce the intake of red meat and to
Increase that of unrefined carbohydrates. These die-
t.ry patterns have important implications for iron
nutrition because iron is, in general, poorly absorbed
from cereals and legumes. Consequently, nutritional
Iron deficiency reaches its greatest prevalence and
"verity in populations subsisting predominantly on
Ct'~al and legume diets (Bothwell et al., 1979; Hall-
berg, 1981 a). Meat, on the other hand, has a two-fold
bcneficial effect on iron nutrition: firstly, the heme
Iron in meat is highly bioavailable; secondly, meat
also potentiates the absorption of the non-heme iron
that is the predominant form of iron in other food-
stuffs which would otherwise be poor sources of iron
(Bothwell et al., 1979). A similar stimulation of iron
absorption from a meal can be produced by foods
that include enhancers of iron absorption, such as
ascorbic acid. Since any analysis of this type is predicated on the va-

lidity of the available data, it is helpful first to review
the basic technique which has beei. used over the last
several years to assess the bioavailability of dietary
iron in man. Against such a background it should
then be possible to assess the significance of data re-
lating to cereals and legumes, and to develop guide-
lines for policy actions if this be deemed necessary.

Three meetings of a lubcommitte of INACG were
convened (September 24 to 25 and November 21 to
23,1981, in Washington, D.C. and March 15 to 11,
1982, in New York Oty) to analyze the information
that is available on the bioavailability of iron in diE.
'ferent dietary settings, with special emphasis on the

1



II.
The Measurement of Dietary Iron Absorption

established by labelling the extrinsic iron and the in-
trinsic food iron with two different Isotopes (Both-
wen et aI.. 1979; Hallberg. 1981a). While the percen-
tage of iron absorbed varied over a wide range with
different foods and in different subjects. the ratio of
absorption from the intrinsic and extrinsic labels re-
mained the same.

Sinale Foods
The first attempts to understand food iron absorption
were made by Moore and Dubach (1951), who used
single foodstuffs which had been biosynthetically
labelled with radioiron-vegetables by growing them
in hydroponic media containing 5SFe, and meat by in-
jecting animals with radioiron intravenously several
months prior to slaughter. The principal finding in
this and subsequent studies of the same type was that
food iron of animal origin was generally better ab-
sorbed than vegetable iron (Layrisse and Martinez-
Torres, 1971; Martinez-Torres and Layrisse, 1973).
WhJle the information obtained with this approach
was useful, its limitations became apparent when two
of the foods labelled with different isotopes of iron
were administered simultaneously. For example,
Layrisse and his colleagues (1968) showed that when
veal was eaten with maize (com), the absorption of
the veal non-heme iron was reduced by about half,
while that of the maize iron was doubled. When it is
remembered how varied typical diets are in different
cultures, this strong interaction makes it clear that
only limited information can be expected from stu-
dies using single, biosyntheticalIy labelled food
items, and that data 'on food iron absorption can real-
ly only be useful if there is some way of measuring
absorption from the total diet.

An additional necessary step was the demonstration
that the absorption of radioiron added to a meal con-
taining several vegetable food items was an accurate
measure of the absorption of all the non-heme iron in
the meal (Cook et al., 1972; Hallberg and Bjorn-
Rasmussen, 1972; Bjorn-Rasmussen et al., 1973).
It indeed became apparent that when several food-
stuffs are consumed in the same meal, the ~te
non-heme iron forms a common pool in the lumen of
the gastrointestinal tract and that it is this pool which
is labelled by the extrinsic radioisotope.

While current evidence supports the concept of a
common intraluminal pool of non-heme food iron.
certain exceptions hav, been noted in which isotope
exchange is incomplete. The absorption of the animal
iron storage compounds. ferritin and hemosiderin. is
significantly lower than that of the vegetable iron in a
meal (Layrisse et al.. 1975; Martinez-Torres It aI..
1976). The same is true of non-heme iron added to un-
milled. unpolished rice. possibly due to impaired dif-
fusion of iron across the dense outer aleurone layer
(Bj'Cim-Rasmussen et al.. 1973). In addition. insol-
uble iron compounds. such as ferric pyrophosphate.
ferric orthophosphate and ferric hydroxide are ~r-
ly absorbed (Cook et al..l973; Derman et al.. 1977).
while ferric oxide is not absorbed at all (Derman et
aI..l977).

Absorption from Meals by the Two-Pool Method
The recent development of a technique for estimating
iron absorption from complete meals has yielded
much deeper insights into the utilization of dietary
iron. This technique was based on the finding that
when a small quantity of iron in a soluble inorganic
iron salt was mixed with a food item of vegetable ori-
gin just before it was eaten, the added iron (extrinsic
iron) was absorbed to an extent which was virtualJy
identical to that of the intrinsic food iron. This was

The concept of a common intraluminal pool has been
found to be equally valid for the heme Iron in food. If

1.



Two Isotopes of Iron. The availability of two is0-
topes of iron ("Fe and "Fe) has added further to the
flexibility of radioiron absorption measurements
since it has meant that more than one measurement
can be carried out on each subject. For example. the
effect of changing a single item in a diet can be as-
sessed by carrying out absorption measurements with
each of the isotopes on succeeding days. Indeed.
much of current knowledge concerning the effects of
enhancers and inhibitors of non-heme iron absorp-
tion has been obtained using this approach (Bothwell
et AI.. 1979; Hallberg. 1981a).

a small amount of "Fe-hemoglobin is added to a meal
in which there are other heme-containing items such
as meat, the absorption of "Fe reflects the absorption
of the heme iron from the whole meal (Martinez-
Torres and layrisse, 1971). By tagging both the non-
heme and the heme fractions it therefore became pos-
sible for the fint time to measure the total absorption
of iron from a whole diet (laynsse and Martinez-
Tones, 1972: Hallberg and Bjorn-Rasmussen,
1972: Bjorn-Rasmussen et al., 1974: layrisse et
al., 1974). The finding that the estimates of iron as-
similation agreed closely with estimates of total body
iron loss provided additional validation of these re-
sults by reflecting the expected balance between ab-
sorption and loss. In human studies, most attention
has been paid to the absorption of non-heme iron
since it forms the major portion of the dietary iron in-
take, and because its absorption Is influenced much
more than is heme Iron by the composition of the diet
and by the iron status of the individual.

Absorption from a Reference Dose. The degree to
which non-heme iron in a diet is absorbed by an
individual depends not only on the bioavailability of
the iron but also on the iron status of the individual:
more iron is absorbed by iron-deficient subjects and
less by those who are iron-replete (Bothwell et al.,
1979). Without making allowances for variations in
iron status, it is therefore difficult to assess the signifi-
cance of differences between the absorption of iron
from test meals. However, the problem can be largely
overcome if allowance is made for variations in iron
status by obtaining an independent measure of each
individual's absorptive capacity. This has been ac-
complished by determining the absorption from a
standard dose of inorganic radioiron given at physio-
logical levels under standardized fasting conditions.
The concept of a reference dose of radioiron was in-
troduced by layrisse and coworkers (1969). An infor-
mal agreement has been reached among workers in
different countries to use 3 mg of iron as ferrous sul-
fate together with 30 mg ascorbic acid for this refer-
ence dose. In a group of subjects with varying Iron
status there i9"a good correlation between the absorp-
tion from the reference doses and from the non-heme
Iron in the meal. Thus, the relationship between the
two absorption measurements (meals/reference
doses) is an index of the bloavailability of the non-
heme iron in a meal (Bjorn-Rasmussen et al.,
1916). However in iron-balance calculations, it is im-
portant to have a measurement of bioavallability that
is more concrete and absolute than the slope of such a
regression line, and that can be related to a certain
Iron status. A meaningful measure of the bioavail-
ability of non-heme iron in a meal would be the ab-
sorption in subjects who have borderline iron defi-
ciency, i.e., subjects with absent iron stores who have
not yet developed anemia. Such subjects are also of
interest because they corfe$pond to populations who
are at risk of iron deficiency and who would be tar-
gets of intervention programs. In practice, subjects
with borderline iron deficiency absorb about 40% of

Technical Considerations
Method of Administering the Tracer. In early studies
on food iron absorption from whole meals. great ef-
forts were made to distribute the extrinsic tracer
through all the food items. However, it has been
subsequently found that equally valid results can be
obtained by labelling only one bulky component of
the diet (Bjorn-Rasmussen et al., 1976). further-
more, it has been shown that the absorption of non-
heme iron from freely chosen meals can be reliably
measured, provided that the exact intake of different
foods is determined and that the radioifon is adminis-
tered in some bulky component (Hallberg et al.,

19'19).

Measurement of Radioactivity in Blood vs. Whole
Body Counting. A unique feature of iron metabolism
in relation to isotopic measurements is the fact that
most of the absorbed radioactivity is normally incor-
porated into circulating red cells within 10 to 14 days
of oral administration. It is therefore possible to esti-
mate the percentage of radioiron that was absorbed
from the radioactivity present in red cells after 14
daYs. assuming an incorporation of absorbed radio-
activity of 80% in normal subjects and of 100% in
iron-deficient subjects. For calculation purposes. an
assumed blood volume based on the height and
weight of the subject is used. The validity of these"as-
sumptions has been confirmed by the close agreement
between measurements obtained by red cell radioiron
and by whole body counting (Larsen and Milman.

1915).

3



absorption from this pool, there are certain qualifica-
tions that must be mentioned. First, it has not always
been possible to estimate the size of the common non-
heme iron pool labelled by the extrinsic tracer since
the diet sometimes also contains contaminating iron
from dirt and dust that is of poor bioavailability and
that does not mix with the common non-heme iron
pool. However, recently an in vitro technique has
been described which makes it possible to measure
the extent to which contaminating iron is labelled
by the extrinsic tracer (Hallberg and Bjom-
Rasmussen, 1981). Another precaution that must be
taken relates to the amount of iron administered with
the extrinsic tag. This should consist of only a tracer
dose of radioiron, since it is important to ensure that
the chemical properties of the non-heme iron pool In
the meal being studied are not altered. The larger the
amount of inorganic iron added to a meal, the more it
will Influence the nature of the dietary pool of non-
heme iron.

a reference dose. Magnusson and coworkers (1981)
have therefore proposed that the bioavailability of
non-heme iron in a meal should be expressed as the
absorption value that corresponds to a reference dose
absorption of 40%. To increase the accuracy of this
calculated value, it is desirable to include in each
study subjects who range widely in iron status.

Validity of the Extrinsic Tag Method to Measure
Non-Heme Iron Absorption. The use of the extrinsic
tag method to meaSure the total absorption of non-
heme iron from composite meals has been validated
in a number of ways (Hallberg. 1981a). As mentioned
in a previous section, the absorption of the extrinsic
tracer has been found to be the same as the iron pres-
ent in biosyntheticaJly labeJled foods in a variety of
dietary settings. The absorption of the extrinsic and
intrinsic tracers has been found to be the same if the
doubly labelled foods are fed immediately after the
addition of the extrinsic label. Furthermore, absorp-
tion from the two tracers remains the same in the
presence of various amounts of inorganic iron and of
ascorbic acid or of a potent iron chelator, desferriox-
amine. Identical plasma radioactivity curves are ob-
tained in the hours folfowing the administration of
doubly labelled foods. Finally, when two biosyn-
theticaUy labeJled foods, namely eggs and white
wheat flour, each labelled with a different isotope of
iron have been fed together, absorption of the two
tracers has been identical despite the fact that their
bioavailability when fed individually differs several-
fold.

It should be noted that several of the iron compounds
used as iron fortificants (e.g., most forms of reduced
iron and iron phosphates) do not enter the common
pool completely and are thus only partially labelled
by extrinsic tags. Such fortificants are usually rela-
tively insoluble and their bioavailability is thus lim-
ited. The method of food preparation (e.g., baking of
bread) and the nature of the diet may also affect the
bioavailability of fortification iron. In such circum-
stances, it is possible to measure the relative bioavail-
ability of the iron fortificant by labelling it with one
tracer of radioiron and the non-heme iron pool with
another tracer. In this way, both the size of the non-
heme iron pool and its bioavailability, including that
of the iron fortmcant, can be accurately determined.

While there is therefore good reason to accept the
concept of a common non-heme iron pool in the diet
and of the extrinsic tag method as a way of measuring

4



III.

able. This can be ascribed to the fact that heme iron is
not influenced by the many ligands in the diet which
may inhibit the absorption of non-heme iron (Wein-
traub et AI., 1968); furthermore, heme is directly
taken up into the mucosal cells by an absorption
mechanism different from that of inorganic iron.
Heme is also unaffected by the high pH of the upper
small bowel, which renders some forms of inorganic
iron insoluble. Because of these factors, when heme
iron is fed as meat, it contributes substantially to iron
nutrition even though it usually forms only a small
proportion of the total intake of dietary iron. For ex-
ample, in one study heme iron made up only 6% of
the dietary iron, but accounted for 30% of the total
that was absorbed (Bjorn-Rasmussen et AI.,
1974), white in another it represented 33% of the die-
tary iron and 74% of the absorbed iron (Layrisse et

QI., 1974).

The three major factors influencing the absorption of
iron from the diet are the amount of iron ingested, the
composition of the meals and the behavior of the mu-
cosa of the upper small bowel. The role of each will be
discussed separately.

Dietary Iron Content
The iron content of the diet is determined by its con-
stituent foods. Typical Western diets usually contain
about 6 mg iron per 1<XX> kcal, with surprisingly little
variation (U.S. Department of Health, Education and
Welfare, 1972; Hallberg and Bjorn-Rasmussen.
1981). In certain circumstances, extrinsic iron, in the
form of dirt or solubilized from the surface of con-
tainers or cooking vessels, may increase the amount
app~bly. In general, iron in the form of dirt is of
low bioavailability (Derman et al.. 1911; Hallberg et
al., 1971) and usually has little effect on iron nutri-
tion, but iron derived from pans or skillets can add
significantly to the absorbable iron intake, especially
when the pH of the food being prepared In them is low
(Moore, 1965).

The situation with regard to non-heme, food iron is a
good deal more complex. When eaten alone, the iron
in a number of widely consumed staples, including
maize, wheat, rice and black beans, is poorly ab-
sorbed, with geometric mean absorptions. varying
between 0.8 and 5.7% (Table 1). The only exception
so far identified is wheat iron, which is well absorbed
once the bran has been removed (see page 14). How-
ever, when these various staples form part of a mixed
diet, the absorption of the iron contained within them
is markedly influenced by other dietary constituents.
As mentioned in a previous section, most of the non-

BioavailabUity of Iron
Variations in the bioavailability of dietary iron have
been shown to be of greater relevance to iron nutri-
tion than the amount of iron ingested. Radioisotopic
absorption studies have established that there is a
striking difference between the intrinsic bioavailabil-
ity of the iron in grain products as opposed to the
bioavailability in fish and meat. In one study. the
mean absorption of the iron in three major grain sta-
ples (wheat. rice. maize) ranged between 1 and 7%
(Layrisse et al.. 1969; Layrisse and Martinez-Torres.
1971). In contrast. ~ for fish and meat varied
between U and 20%. Much of the iron in the latter
foods is in the fotm of heme. which is highly bioavail-

.Whfie possible in this report, the results of iron Absocptlon studies
hAft been ~ - &eOmetric rAt'- thAn Arithmetic ~AN. This
logArithmic trAnsformAtion compenSAtes for the highly Ikewed dis-
tribution of ~. Abtorption when ~red in no~ indi-
viduAls. When it hAS not been possible t,o akulAte aeometric --
in published reports, arithmetic !M- Mft been used, and it should
be noted tMt these vAlues Are consistently higher thAn ~metric
meAns except when meAn Absorption Approaches 50~.
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ence (Rao and Prabhavathi, 1982; Gillooly, Torrano
and Bothwell, unpublished data).

heme iron in a meal, whatever its origin, enters a
common pool during the process of digestion, and is
thus uniformly susceptible to the effects of a number
of enhancers or inhibitors of iron absorption (Cook et
al., 1972; Hallberg and Bjorn-Rasmussen, 1972). It
is now clear that the degree to which the iron in a ce-
real such as maize is absorbed is dependent on the rel-
ative proportions and affinities for iron of other con-
stituents of the meal.

Egg yolk contains a phosphoprotein which strongly
binds iron (Halkett et al., 1958). In addition, when
iron is fed with egg albumen, its absorption is low but
is significa{\tly increased when the albumen is heated,
presumably due to the inactivation of conalbumin
(Morck et al., in press). However, some penpective
on these observations is provided by the results of a
recent study in which the effects of various compo-
nents of breakfasts were compared. Eggs were found
to cause a decrease In the percentage absorption of
non-heme iron, but the actual amount of iron ab-
sorbed increased slightly due to the higher iron con-
tent of the breakfasts that contained eggs (Rossander
et al., 1979). In contrast, milk and cheese add very lit-
tle iron to a meal, and since they do not enhance the
absorption of iron from a mixed meal, iron absorp-
tion from meals containing milk or cheese as the ma-
jor protein source is much less than that from meals
including equivalent portions of meat, fish or poultry
(Cook and Monsen, 1976).

Inhibitors of Iron -1bsorption. A number of com-
pounds have been claimed to Interfere with Iron ab-
sorption. These include carbonates, oxalates, phos-
phates and phytates (Bothwell et al., 1979). Many
diets contain large quantities of one or more of these
substances, and it has been suggested, on the basis of
in vitro studies. that they form large, Insoluble com-
plexes with iron which are very poorly absorbed.
However, the degree to which such complexes inhibit
iron absorption is variable. For example, oxalates
have been shown not to inhibit iron absorption when
tested in vivo (Hallberg, unpublished data; Gillooly,
Torrance and Bothwell, unpublished data) and inor-
ganic phosphate does not affect dietary iron absorp-
tion when given alone, but does so when given as the
calcium salt (Monsen and Cook, 1976). Presumably,
this is due to the adsorption of iron onto the com-
pound. Data concerning the role of phytate on iron
absorption are confusing and are discussed in the sec-
tion entitled, Effects of Cereals on Iron Absorption.

Enhancers of Iron Absorption. Two major enhancers
of iron absorption are meat and ascorbic acid. The
significance of meat for iron nutrition is actually two-
fold, the effect on the non-heme Iron in the meal being
over and above the well-absorbed heme iron which it
contains (Layrisse et RI., 1973). How meat enhances
the absorption of non-heme iron is not known, but it
is possible that the cysteine present in meat protein
may play some role (Martinez-Torres et RI., 1981).

It has been suggested that some factor or factors pres-
ent in vegetable fiber may have an inhibiting effect on
non-heme iron absorption. and it has been shown
that the fiber of wheat and maize binds iron (Reinhold
et 41..1981). However, absorption studies with speci-
fic constituents of dietary fiber. including pectin and
cellulose, have yielded negative results (Gillooly,
Torrance and Bothwell unpublished data; Cook. un-
published data; Hallberg and Rossander, unpublished
data).

A second major enhancer of iron absorption is as-
corbic acid (Sayers et al.. 1973; Bothwell et al.. 1979;
Hallberg. 1981b). The effect of ascorbic add on non-
heme iron absorption has been tested In a number of
dietary settings and in every case has been shown to
be profound. It plays a particularly critical role in
diets in which little or no meat is present. such as are
consumed by the vast majority of the worlds popula-
tion. In considering the iron nutritive value of such
diets it is essential to have a knowledge of their as-
corbic acid contents. since the overall absorption of
iron may be significantly increased if fruit or vege-
tables containing ascorbic add are present in the
meal. In this context. oranges. lemons. grapefruit.
guavas and papayas are Important fruit sources of as-
corbic acid. as are broccoli. cauliflower. cabbage. p0-

tatoes. beetroot and pumpkin. among the vegetables.

One of the most potent inhibitors of non-heme iron
absorption is Indian tea (Disler et al., 1975a). When
Indian tea is consumed with a variety of meals there is
a marked reduction in iron absorption, which has
been shown to be due to the formation of insoluble
iron tannates (Disler et QI., 1975b). This observation
is likely to have broad relevance to iron nutrition
since tea is drunk with meals in many parts of the
world. Similarly, polyphenols, of which tannates are
but one example, are widely distributed in foodstuffs,
and the poor absorption of the iron present in sor-
ghum, horse beans, finger millet, cow peas, spinach
and red wines appears to be attributable to their pres-

While current evidence underlines the importance of
ascorbic acid as a promoter of iron absorption. it is
not the only organic acid in food that fulfills such a
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