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The concept of iron bioavailability

and its assessment

Summary In this review a broad
overview of historical and current
methods for the assessment of iron
bioavailability was given. These
methods can be divided into iron
solubility studies, iron absorption
studies, endpoint measures, and
arithmetic models.The pros and
cons of all methods were discussed.
First, studies on in vitro and in
vivo iron solubility have been
described. The disadvantages of
iron solubility include the
impossibility of measuring
absorption or incorporation of iron.
Furthermore, only the solubility of
nonheme iron, and not heme iron,
can be studied. Second, we focused
on iron absorption studies (either
with the use of native iron,
radioiron or stable iron isotopes), in
which balance techniques,
whole-body counting or
postabsorption plasma iron
measurements can be applied. In
vitro determination of iron
absorption using intestinal loops or
cell lines, was also discussed in this
part. As far as absorption studies
using animals, duodenal loops, gut
sacs or Caco-2 cells were con-
cerned, the difficulty of extra-
polating the results to the human
situation seemed to be the major
drawback. Chemical balance in man
has been a good, but laborious and
expensive, way to study iron
absorption. Whole-body counting
has the disadvantage of causing
radiation exposure and it is based

on a single meal. The measurement
of plasma iron response did not
seem to be of great value in
determining nutritional iron
bioavailability. The next part dealt
with endpoint measures. According
to the definition of iron
bioavailability, these methods gave
the best figure for it. In animals,
the hemoglobin-repletion bioassay
was most often used, whereas most
studies in humans monitored the
fate of radioisotopes or stable
isotopes of iron in blood. Repletion
bioassays using rats or other
animals were of limited use because
the accuracy of extrapolation to
man is unknown. The use of the rat
as a model for iron bioavailability
seemed to be empirically based,
and there were many reasons to
consider the rat as an obsolete
model in this respect. The
double-isotope technique was
probably the best predictor of iron
bioavailability in humans.
Disadvantages of this method are
the single meal basis and the
exposure to radiation (as far as
radioisotopes were used). Finally,
some arithmetic models were
described. These models were based
on data from iron bioavailability
studies and could predict the
bioavailability of iron from a meal.
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Introduction

The term bioavailability is surrounded by confusion.
Many attempts have been made to define an adequate
working definition, but still different points of view exist.
These may depend partly on the scientific background of
the investigator, as has been illustrated by Schümann et
al. (233). They stated that in human nutritional sciences
the concept of bioavailability was regarded as the effi-
ciency with which nutrients are utilized. In animal nutri-
tion, a similar view exists, although here bioavailability is
usually expressed as the nutritive value of the feed to sup-
port growth and maintenance of the animals. In pharma-
cology, bioavailability is considered to be the fraction of
a dose that reaches the systemic circulation after oral ad-
ministration, or the “area under the curve”.

When we limit ourselves to the nutritional sciences, it
is obvious that bioavailability is a function of at least the
digestibility, the absorbability, and the ability to use a nu-
trient for metabolic functions. Furthermore, bioavailabil-
ity should be quantifiable. These aspects emerge in the
definition of iron bioavailability that is given by
Fairweather-Tait (59), according to whom iron bioavail-
ability is a measure of the proportion of the total in a food
or diet that is digested, absorbed, and metabolized by nor-
mal pathways. An overview of proposed definitions for
(iron) bioavailability is given in Table 1.

There is some controversy about whether or not to in-
clude storage iron as bioavailable iron. According to
some definitions, utilization must be demonstrated,
whereas in other definitions terms like metabolizable are
used, implicating that the possibility to use a nutrient for
metabolism is sufficient proof for its bioavailability. In
the case of iron, liver storage iron does not fulfill any
metabolic function, but if necessary, it can be used in the
future to some extent.

In practice, the working definition of iron bioavailabil-
ity will be partly determined by the methods available to
measure its use or potential use in metabolism. Therefore,
it may be more pragmatic to choose one or more parame-
ters that could be used to quantify iron bioavailability. As
pointed out by Schlemmer (230), the measurement at

some endpoint of the pathway can be regarded as a bio-
marker for bioavailability.

It is obvious that ultimate iron bioavailability is the re-
sult of many preceding steps. These can be divided in
three parts. First, the digestibility and more specific, the
solubility of iron in digesta is a determinant for its subse-
quent bioavailability. A second determinant is iron ab-
sorption and its delivery to the circulation. The third de-
terminant of iron bioavailability is the processing of iron
once it has entered the circulation, and its incorporation
into a functional entity. Iron bioavailability is always as-
sessed during one or more of these three steps. In this
overview of iron bioavailability assessments, we will deal
first with the determination of soluble iron in the gastro-
intestinal tract or in simulated digesta systems. Then, an
overview is given of the methods that are applicable to
measure iron absorption in man, animals, and in vitro. We
will end this review with a discussion regarding the meas-
urement at different endpoints, with special emphasis on
measurements of iron in hemoglobin.

Iron bioavailability should be quantifiable. The best
method can be chosen when all advantages and limita-
tions of individual methods are clear. The aim of this re-
view is to describe the development and implementation
of methods that have been used and/or are still in use to
assess iron bioavailability and to discuss the advantages
and drawbacks of them.

Iron solubility studies

It has to be kept in mind that all studies regarding iron
solubility deal with nonheme iron. Heme iron is hardly
influenced by gastrointestinal conditions because the
heme molecule is absorbed as such and the porphyrin ring
is split off within the mucosal cells (214, 256, 259).

It is generally accepted that only soluble iron can be
absorbed; thus, only a fraction of the soluble iron is bio-
available. Soluble iron can be either in the ferric or in the
ferrous form. Ferric iron is rapidly hydrolyzed at a pH
>1, whereas ferrous iron does not hydrolyze at a pH be-
low 7. However, ferrous iron is rapidly oxidized to ferric

Table 1 Proposed definitions for bioavailability; references in parentheses

That portion of the total [iron] which is metabolizable (156).

The measure of the proportion of the total in a food or diet that is digested, absorbed, and metabolized by normal pathways (59).

The proportion of the total [mineral] in a food, meal or diet that is utilized for normal body functions (61).

The percentage of ingested [iron] that becomes available for metabolic action (250).

The measure of the ability of man and animals, or the effectivity, by which nutrients, in a given chemical form, are liberated from food in
the presence of certain food components. It moreover includes intestinal absorption and transport of nutrients to organs and cells, where
they finally fulfill their physiological function (230).
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iron. The hydrolysis of iron, i.e., the formation of iron hy-
droxides, usually renders the iron insoluble. This may not
always happen, because the presence of ligands may lead
to the formation of soluble iron-ligand complexes. Thus,
two factors are important: iron must be kept in the ferrous
form, or a sufficient amount of ligands must be present in
order to keep iron in the soluble phase.

Iron solubility can be measured in vitro, usually in
systems that simulate the situation in the gastrointestinal
tract to some extent. It can also be measured in vivo, by
collecting digesta samples from humans or ex vivo in ani-
mals.

In vitro studies

Food iron solubility

Early studies on this topic dealt with the determination of
available iron in aqueous food extracts. The results were
consistently expressed as ionizable iron. Because iron
was analyzed with the use of the ferrous chromogenα-α’
dipyridyl (235), these methods, in fact, measured the
amount of ferrous iron. No attempts were made to simu-
late the gastrointestinal environment at that time. A more
physiological approach was reported by Sanford (226),
who introduced a pepsin-HCl incubation and subsequent
analysis of ionizable iron in the supernatant. Most studies
of this kind used 0.5% pepsin, 0.1 N hydrochloric acid,
and an incubation period of 90 min (105, 216). Jacobs &
Greenman (123) made another contribution by discrimi-
nating between ionizable and total soluble iron in the
pepsin-HCl extract. They defined total soluble iron as
ionizable iron + heme iron + ferritin + iron bound to other
soluble complexes.

The proximal part of the small intestine is the princi-
pal site of iron absorption in man (258). At that site, the
digesta is neutralized by bicarbonate and pancreatic se-
cretions. Thus, before iron is absorbed it has also faced
this environment. The method of Jacobs & Greenman was
extended concurrently by adjusting the pH to 7.5 with
NaOH and the addition of pancreatin (192).

Many in vitro solubility studies that have been de-
scribed in the last two decades include an acid digestion
with HCl or HCl-pepsin, subsequent neutralization with a
base (usually NaOH or NaHCO3) together with
pancreatin-bile extracts, and appropriate incubation and
centrifugation steps (47, 52, 137, 218). Iron analysis is
performed by chromogens, atomic absorption spectrome-
try, mass spectrometry or, in the case of59Fe, by γ-count-
ing.

There are many ways to classify the different chemical
profiles of nonheme iron. Lee & Clydesdale (143) classi-
fied five chemically different forms of nonheme iron that
can be present in food (Fig. 1) and described methods for
their determination. Chemical iron profiles were deter-
mined in a variety of foods like bread (271), milk with
cereals (36), and meat samples (212). However, iron solu-
bility characteristics that were found in individual food
components could not be extrapolated to plain foods
(211).

Methods for the determination of nonheme iron, heme
iron, and total iron in foods have been also described and
validated (33).

Iron dialysability

A new approach towards in vitro estimation of iron solu-
bility was introduced by Miller et al. (171). They digested
a food sample with pepsin and HCl, after which a dialysis
bag containing NaHCO3 was added. After incubation,
pancreatin-bile addition to the digest, and another incuba-
tion period, the iron in the dialysate was analyzed. An im-
portant methodological difference with previous systems
is the introduction of equilibrium dialysis. Instead of the
iron fraction present in the supernatant after centrifuga-
tion, dialyzable iron is measured, i.e., soluble iron with a
molecular weight less than the molecular weight cutoff of
the dialysis tube. Iron availability assessments using this
method were highly correlated with human iron availabil-
ity trials when similar foods were tested (67, 231), and
this method has been used frequently (106, 119, 232).

Fig. 1 Chemical iron profile in
foods according to Lee &
Clydesdale (143).
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Several adaptations of this method have been reported,
an important one being the determination of iron with fer-
rozine instead of bathophenanthroline disulphonate (32,
35). It was shown that the latter analysis could lead to
systematic errors at low pH and in the presence of com-
peting ligands (90). The introduction of continuous sam-
pling of the digesta is another recent extension (268). Af-
ter digestion, the dialysate and digesta were pooled at the
time of pancreatin-bile addition and continuous dialysis
was performed by means of a hollow-fibre system. This
system more closely mimics in vivo conditions.

Measures using human gastric juice

Bezwoda et al. (16) collected gastric juice from 48 sub-
jects in order to determine iron solubilization from bread
in vitro. Iron absorption was measured in vivo in 24 of
the subjects, and it was shown that iron absorption from
bread in vivo correlated highly (r = 0.834) with in vitro
solubilization of bread iron when gastric juice from the
same subject was used. Lock & Bender (146) measured
iron solubility from 20 food samples after incubation with
human gastric juice. They found a positive correlation be-
tween increasing acidity and the amount of iron solubi-
lized for bran, cocoa powder, and curry powder, but a
negative correlation for soybean flour, lentils, egg, and
peas. An explanation for this phenomenon was not given.
A positive correlation was found between in vitro iron
solubility from potatoes versus ascorbic acid contents of
these potatoes (58). Interindividual comparisons were not
possible, because the gastric juice used was sampled from
one subject.

Recently, an in vitro model has been developed which
simulates the complete gastrointestinal tract (178). It con-
sists of four compartments, serving as a model for the
stomach, duodenum, jejunum, and ileum, respectively.
Peristaltic movement, pH, and gastrointestinal secretion
can be controlled. The applicability for in vitro iron avail-
ability studies has not yet been reported.

Fortification iron solubility

So far, in vitro methods have been described in which the
conditions in the stomach and duodenum were simulated.
Studies that dealt with the assessment of fortification iron
availability were quite different, as the iron compounds
under study were usually dissolved in diluted hydrochlo-
ric acid and the percentage soluble or insoluble iron was
determined subsequently (190, 206, 210, 237). Effects of
food and physiological conditions were not taken into ac-
count. Unfortunately, these studies are hardly comparable
because they all differed in HCl concentration, pH, incu-
bation temperature, incubation time, and method of iron
analysis.

In vivo studies on iron solubility

Iron in gastric and/or intestinal contents can be analyzed
directly. This type of study has been performed mostly in
rats. Usually, the diets under study were fed and after 2 to
3 h the gastrointestinal tract was removed, and the con-
tents centrifuged in order to obtain a soluble and an in-
soluble phase. The relative amount of iron in the soluble
phase is considered a determinant for iron bioavailability.
The effects of egg yolk protein (227), carbohydrates (27,
251), and calcium carbonate (263) on intestinal iron solu-
bility have been reported.

Another approach is to classify the soluble-phase iron
either by molecular weight or by its chemical nature. The
former can be achieved chromatographically for protein-
bound iron complexes in rats (128) or by ultrafiltration,
as has been done in chick studies (236). Separation of
iron on a chemical basis can be achieved by treating the
soluble phase of the digesta with ferrozine, in order to
measure the proportion of ferrozine-available iron, as has
been described in mice (241). These authors recently in-
troduced a sequential extraction procedure, which was ap-
plied to rodent diets and rat digesta (203, 242). The ex-
tracted iron was analyzed and the pellet subjected to the
next extraction step. After five extractions, exchangeable,
carbonate-bound, oxide-bound, organic-bound, and resid-
ual iron fractions were obtained, respectively.

Pros and cons of iron solubility studies

The most important limitation of every iron solubility
study that is used to predict iron bioavailability is its un-
ability to pronounce upon subsequent absorption and in-
corporation of iron. Moreover, no methods are available
to study heme iron bioavailability by in vitro solubility.

The vast majority of iron solubility studies are based
on in vitro models. The usefulness of in vitro solubility
methods for the prediction of iron bioavailability has
been reviewed by Miller & Berner (172). Generally, in vi-
tro models offer the possibility to optimally control the
conditions of the experiment, which may lead to a high
accuracy. An additional advantage is the absence of pos-
sible disturbing effects, like interindividual differences in
iron status, resulting in a lower variability of in vitro
methods as compared to in vivo methods. Other advan-
tages comprise its speed, the low cost, and the replace-
ment of animal experiments.

On the other hand, in vitro models are not physiologi-
cal. The development of these models during this century
can be characterized as a continuous effort to come as
close to the physiological process as possible. In vitro
models for iron solubility evolved from measurements in
aqueous extracts, pepsin digestion, pancreatin digestion,
and the introduction of dialyzability, to systems that
closely simulate in vivo conditions. However, several fac-
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tors like in vivo effects of transit time, enzymes, pH, and
diffusion barriers can not be accounted for sufficiently
(172).

Surprisingly few studies have been published that use
human gastric juice for the determination of iron solubil-
ity in vitro. These can be considered intermediate be-
tween in vitro methods using pepsin and pancreatin and
methods that study in vivo solubility in digesta. These
studies are less standardized but come closer to in vivo
conditions.

Digesta obtained from an in vivo experiment give the
best approach to in vivo conditions, but are most suscept-
ible to variation. As they are performed in rats or other
animals, a proper extrapolation to humans may be diffi-
cult.

It can be concluded that in vitro methods based on iron
solubility or dialyzability are useful tools in studying fac-
tors that may affect subsequent iron absorption. The ab-
sence of interfering factors offers a chance to study deter-
minants of iron solubility in detail. This approach may
obtain a better understanding of the processes that take
place in digesta. Since iron solubility methods cover only
the first phase of the iron bioavailability process, they can
be considered a qualitative measure at the most.

Iron absorption studies

Several methods can be used for the determination of iron
absorption. These can be divided on the basis of the
physical type of iron that is used. First, we will discuss
methods that use native iron, that is, without enrichment
of one of its isotopes. Then, the application of two radio-
isotopes of iron,55Fe and59Fe, will be discussed. Finally,
we will describe methods in which preparations are used
that are enriched in stable iron isotopes (54Fe, 57Fe, and
58Fe).

Absorption measurements using native iron

Chemical balance

In chemical balance studies, the amount of iron that is ab-
sorbed or retained by the body from different preparations
or foods is measured indirectly. This results in a figure
for the apparent iron absorption which can be calculated
from the following equation:

apparent Fe absorption (mg/d) = Fe intake (mg/d) – fecal
Fe (mg/d)

Theoretically, some of the iron that is absorbed will be
lost by urinary excretion. As this fraction of iron is ab-
sorbed but not retained, a figure for iron retention can
also be calculated:

apparent Fe retention = Fe intake – fecal Fe – urinary Fe
(all expressed in mg/d)

Urinary iron excretion is very low. Thus, apparent iron
absorption will practically equal apparent iron retention.

Apparent iron absorption measurements by way of a
chemical balance are easy to perform in small animals, as
they can be housed in metabolic cages, which enables a
quantitative and separate collection of excreta. Iron bal-
ance studies in larger animals are also possible, but care
has to be taken in order to collect the excreta quantita-
tively.

Early studies on iron bioavailability in humans de-
pended almost solely on chemical iron balances. At pres-
ent, iron balances are mainly used because many nutrients
can be measured in the same samples, a reflection of iron
absorption from the whole diet during a prolonged period
can be obtained, and the use of radioactivity can be
avoided (118, 122, 221). Complete fecal collections can
be ensured by using quantitative fecal markers like
chromic oxide, polyethylene glycol or radio-opaque
pellets.

Postabsorption plasma iron measurements

In pharmacology, drug bioavailability is usually measured
in plasma by determining either the area under the curve
or the maximal concentration of the drug after administra-
tion. This method has been used in humans to study the
increase in plasma iron after oral iron administration.
Early studies originated from clinical interests in the
treatment of anemia (108). Soon thereafter, studies ap-
peared in which the primary goal was to compare the in-
crease in plasma iron after administration of different iron
compounds (185, 186). Most studies that use postabsorp-
tion plasma iron curves as a measure are performed in or-
der to answer pharmacological questions, like determina-
tion of the bioavailability of iron supplements as such
(50, 234) or to study the effect of drugs like antacids (51,
200) or pancrelipases (272) on iron bioavailability. Only
a few human studies exist in which changes in plasma
iron were induced by dietary iron or meal components
given together with iron (167, 208). Nutritional studies
that used plasma iron increase as a response criterion
have been performed in rats. Kim & Atallah (131) com-
pared the effects of different pectins on plasma iron levels
in portal blood samples and found that these were highly
correlated with calculated absorbed iron. A rat study in
which the effect of different protein sources was com-
pared yielded high correlations between plasma iron in
portal blood versus both intestinal iron solubility and ap-
parent iron absorption (132).

Postabsorption plasma iron measurements are also ap-
plicable when radioiron or stable isotopes of iron are
used. Results thereof are discussed below.
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Absorption measurements using radioiron

Radioiron in feces and urine

During the first 20 years after the discovery of radioiron,
two methods were available to assess its absorption. One
measured the amount of radioiron that was incorporated
in blood. It will be discussed later because it is consid-
ered as an endpoint measurement of iron bioavailability.
The other method was based on radioactivity measure-
ments in excreta. Feces and urine were collected after
oral administration of radioiron, and from the difference
between the ingested and the excreted dose of radioiron
the apparent absorption could be calculated. Thus, this
technique is nearly similar to the chemical balance tech-
nique, except that possible endogenous iron losses are not
taken into consideration. Feces and urine were analyzed
for radioiron for the first time in a study using rats (10).
Its use for studies in humans (179) and rats (58, 244) con-
tinued. As long as feces can be collected quantitatively,
the calculation of59Fe absorption as the difference be-
tween ingested and excreted radioiron will provide a reli-
able figure. In rats, iron absorption calculated by this dif-
ference versus iron absorption calculated from59Fe in
blood showed a close correlation (115). In non-anemic
rats, however, correlations may be weakened because a
variable amount of the absorbed59Fe will be stored and
59Fe measurements in blood will then not necessarily re-
flect the amount that is absorbed.

Radioiron in digesta

Occasionally, 59Fe absorption is calculated after oral
supply of a known amount of59Fe to rats that are subse-
quently killed before any fecal59Fe emerges. The gastro-
intestinal tract and its contents are removed and counted
for iron. Apparent iron absorption is calculated by sub-
tracting the activity in gut and gut contents from the ap-
plied dose (137, 239). The resulting figure for iron ab-
sorption was reported to be comparable to iron absorption
as calculated from 7-day fecal excretions (23). However,
the diet fed may affect the gastrointestinal transit time,
which in turn may determine the outcome. Iron absorp-
tion will be underestimated when collection takes place
too early. It has been reported that gastric clearance of
59Fe containing diets in rats was affected by diet composi-
tion and iron status (28).

Whole-body counting

A new approach towards the study of radioiron absorp-
tion was introduced by the use of whole-body counting.
This was reported in rats (63), and the method was also
applied in man (252, 213). In general,59Fe in an iron
preparation or food is orally administered and after a
short time (usually 1 h) a whole-body count is made. The
resulting count rate is regarded as the 100% value. The

amount of59Fe in the body will subsequently decrease as
a result of fecal excretion. After sufficient time (5 to 7 d
in rats, and 10 to 14 d in humans) a steady state is
reached. The accompanying count rate, divided by the
100% value and corrected for radioactive decay is a direct
measure for retained59Fe. Only 59Fe can be used for
whole-body counting, as55Fe does not emitγ rays.

In humans, a simultaneous comparison of59Fe absorp-
tion by means of fecal59Fe recovery versus59Fe retention
as measured by whole-body counting was made by Lunn
et al. (148). From their results, it can be calculated that
both assessments of iron absorption were closely corre-
lated (r = +0.969; n = 16). However, when iron absorp-
tion was low, a discrepancy between both methods
emerged as absorption according to fecal recovery was al-
ways higher than whole-body counting. The authors be-
lieved this difference to be the result of incomplete feces
collection, but it is more likely that the use of different
counting methods and equipment was a major source of
error. In a study using iron-deficient rats, an excellent
correlation (r = -0.995) was found between whole-body
counting and counting of feces for59Fe (12).

In man, whole-body counting is now preferred to
counting of fecal collections, because the former provides
a direct measurement of the amount of59Fe in the body,
and it does not demand the careful collection of feces.
Numerous studies using food iron (109, 9) or iron prepa-
rations (195, 166) have been performed using this ap-
proach. In small animals, whole-body counting is easily
performed. Rats are most widely used (255, 263), but
studies in mice (135), guinea pigs (14), chicks (31), and
rhesus monkeys (49) have also been reported.

Mucosal uptake and mucosal transfer of iron

With the use of radioiron it is possible to distinguish be-
tween two steps of iron absorption, viz. mucosal uptake
and mucosal transfer. Wheby & Crosby (257) showed in
rats that the intestine initially takes up more iron than is
ultimately transferred to the plasma. When the epithelial
cells exfoliate, this iron is defecated, yet with some delay.
Boender & Verloop (22) developed a method using59Fe
and a second, non-absorbable isotope, i.e.,131Ba, in order
to quantify in a non-invasive way the amount of59Fe that
was initially taken up by the mucosa, but not ultimately
absorbed. In man, the amount of59Fe that was initially
absorbed was calculated from the ratio59Fe:131Ba in both
the test dose and the feces of the first days. This method
has been adapted in order to measure by whole-body
counting (163, 164). The method has also been used for
veal calves (177).

True iron absorption

Apparent 59Fe absorption does not account for any en-
dogenous iron losses and may underestimate true iron ab-
sorption. For some minerals, like zinc and manganese, en-
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dogenous fecal losses may be considerable, because the
homeostatic regulation of these minerals is partly dealt
with by excretion via the feces. A method for the determi-
nation of true absorption was published by Heth & Hoek-
stra (113). They used65Zn, but the procedure can be used
for 59Fe as well. Two groups of rats are needed. In one
group the isotope is administered orally, while in the
other group the isotope is injected intravenously. The re-
tention in both groups is measured by whole-body count-
ing. After 2 to 4 d both measures will follow a simple ex-
ponential curve of time versus isotope retention. The re-
tention curve of the injected isotope is a measure for
endogenous isotope loss. Extrapolation of both curves to
zero time gives two intercept values, whose ratio is a
measure for the true absorption (113). This method,
which has been referred to as the comparative balance
technique, has been applied to study the true iron absorp-
tion in rats and guinea pigs between 1 and 200 d of age
(193). The whole-body retention of the radioiron injected
was 84% in rats 1 d ofage, and 90% or more when the
animals were 10 d and older. In the guinea pig, injected
radioiron retention always exceeded 92%. Thus, endoge-
nous iron excretion in these species is low.

Another approach for the determination of true iron
absorption is the so-called isotope-dilution technique.
True absorption is estimated indirectly by assessing the
endogenous fecal excretion after59Fe injection linked to a
chemical balance in the same animals. The key assump-
tion is that the specific activity in fecal59Fe is equal to
the specific activity of body59Fe during the period of in-
vestigation. The latter can be estimated in an organ or a
blood sample. This technique has been applied in rats that
were fed different amounts of iron, and it was shown that
iron homeostasis was not controlled by endogenous iron
excretion (136). Apparent iron absorption will, therefore,
match true iron absorption in most cases.

Postabsorption plasma radioiron measurements

Radioiron has been used just like native iron to measure
postabsorption plasma iron responses. By using radioiron
instead of native iron, large diurnal variations in plasma
iron can be corrected.

Crofton et al. (48) studied in humans the effects of
zinc on plasma iron response and found close correlations
between59Fe whole-body retention versus the amount of
59Fe that was transferrred to the plasma in 6 h (r = 0.77),
or the total iron area under the curve at 3 h (r = 0.64). The
latter correlation became non-significant after 6 h (r =
0.54). Ekenved et al. (56) compared directly the increase
of serum iron versus59Fe retention as measured by
whole-body counting after administration of ferrous sul-
phate solutions. A close correlation (r = 0.86) was found
between both methods. It was conluded that serum iron
determinations were satisfactory for semiquantitative
comparisons between iron preparations, but could not be

used to determine the absolute amount of iron absorbed
from an oral dose (55).

Absorption measurements using stable iron isotopes

Native iron is a mixture of four isotopes with atomic
masses of 54, 56, 57, and 58. Their natural abundance is
5.82, 91.66, 2.19, and 0.33%, respectively. It is possible
to increase the fractions of54Fe, 57Fe and/or58Fe. The re-
sulting preparation is called a stable isotope of iron. Sta-
ble isotopes do not emit radiation and can only be meas-
ured on the basis of their mass. Therefore, whole-body
counting is impossible and the only way to study iron ab-
sorption from stable isotopes is by fecal balance. Stable
isotopes can also be measured in blood samples, which
will be discussed in the section on endpoint measure-
ments. Samples can be analyzed either after transmutating
them to radioisotopes by neutron-activation analysis
(NAA) and measure these accordingly, or directly by
mass spectrometry. Corrections for the natural abundance
of the stable isotope always have to be made.

One of the first studies was reported by King et al.
(133). Several studies that investigated the usefulness of
stable isotopes of iron in human absorption studies have
been published (124, 60). They all used the fecal balance
technique and the samples were analyzed by NAA. Mass
spectrometric methods for the determination of54Fe (126)
and 58Fe (54) have been published. Currently, TIMS
(thermal-ionization mass spectrometry) and ICP-MS (in-
ductively coupled plasma mass spectrometry) are used
frequently. Instruments available for mass spectrometrical
analysis have been reviewed recently (270).

The main advantage of the use of stable isotopes for
iron absorption measurements is the absence of radiation.
Therefore, they are especially useful in studies in infants
and pregnant women.

In situ and in vitro assessment of iron absorption

Several techniques have been described that study iron
absorption in isolated parts of the small intestine. These
may be classified according to the level of structural in-
tegrity of the intestine that is maintained after isolation.
Iron absorption can be studied in situ with the use of an
isolated loop of intestine, so that blood circulation in the
loop is maintained. The loop can also be dissected and
connected to a circulation unit. Another method is to
close a dissected loop either right side out or everted, or
to use a longitudinally opened dissected loop as a separat-
ing sheet of tissue in a two-compartment model. Also,
brush border membrane vesicles can be prepared to study
iron absorption. For a review of iron absorption studies
using intestinal segments see Forth & Rummel (71).

A completely different in vitro approach is the use of
cell lines to study iron accumulation and transport.
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Intestinal loops in situ

It is possible to inject a known amount of radioiron into a
tied-off intestinal loop with intact blood supply. By meas-
uring the gut loop, its contents, and the remaining carcass
for radioactivity after incubation, iron absorption can be
estimated (159).

Instead of creating an intestinal loop by way of ligat-
ing a segment and measuring its contents after incubation,
perfusion methods of an isolated intestinal segment have
also been described (121). This appears to be a refine-
ment in terms of extrapolation, as in vivo conditions are
simulated more closely with continuous perfusion as
compared to the more stagnant condition in a non-
perfused ligated loop. A system in dogs has also been de-
scribed that made use of a duodenal and jejunal cannula,
thus, creating a loop of about 1 m (62). Test solutions
could be perfused in the former cannula, and the effluent
could be collected in the latter.

Studies using intestinal loops are mainly performed in
rats, but studies in mice (240), chicks (224), and dogs
(53) have also been reported. By using intestinal loops,
possible sources of variation like gastrointestinal secre-
tions can be eliminated, and other determining factors
like luminal pH can be controlled.

Isolated intestinal loops, sheets or sacs, and brush border
membrane vesicles

The use of adequately oxygenated, isolated intestinal
loops was first described by Fisher & Parsons (64). A rat
intestinal loop was perfused with a buffer solution by
means of a circulation unit and subsequently isolated.
Fluids were circulated both through and around the intes-
tinal segment. The viability of isolated segments is limit-
ed, therefore, absorption can not be studied longer than a
few hours. The feasibility of this method for iron absorp-
tion studies was shown by Forth & Rummel (68).

An isolated intestinal loop can be excised longitudi-
nally so that an intestinal sheet is obtained. By mounting
this sheet in a so-called Ussing chamber a two-
compartment model is obtained. In studies concerning
iron absorption, it has been used occasionally (110).

When a gut sac is prepared from an isolated intestinal
segment, this can be done either with the right side out, or
everted, that is, with the serosal side positioned inside the
sac. The method was introduced by Wilson & Wiseham
(266), who used rats and hamsters. With respect to this
method, effects of age (223), iron dose (69), and pheno-
barbital pretreatment (247) on iron absorption have been
reported. In all cases, only a small percentage of iron can
be found at the serosal side after incubation, which makes
it difficult to draw conclusions in a quantitative way.

The mucosal brush border plays a part in iron absorp-
tion, but its exact role is still not known. Studies have
been performed in which the brush borders were isolated
and studied separately in an attempt to gain insight in the

accompanying mechanisms. Brush border membrane
vesicles can be used to study possible iron uptake mecha-
nisms and competition with other ions (165), but their use
in iron bioavailability assessment is limited.

Iron accumulation and transport in intestinal cell lines

Cell culture models are increasingly being used for the
study of uptake and transport of iron, and the Caco-2 cell
line is without any doubt the most popular tool in this re-
gard (99, 225). This cell line originates from a human co-
lon adenocarcinoma, it differentiates spontaneously and
exhibits many features of small intestinal cells, including
polarization, the formation of brush border microvilli, and
the presence of brush border associated enzymes (204).
The cells can be cultured on microporous membranes, so
that a two-compartment model could be created (114, 98).
Since then, Caco-2 cells have proved their usefulness in
intestinal iron uptake and transport studies. Caco-2 cells
mimic the effects of in vivo food iron absorption in many
ways. The cells show a higher uptake and transport from
ferrous as compared to ferric iron (1). It was shown that
ferric iron had to be reduced before it could be taken up
by the cells. This could be achieved both by a postulated
ferrireductase at the apical side of the cells, and/or by re-
ducing agents like ascorbate (197, 104). Iron uptake and
transport were inhibited by inositol phosphates (102), and
this inhibition could be overcome by ascorbate (103).
Calcium addition also inhibited iron accumulation and
transport in Caco-2 cells (265).

Recently, some studies have been reported that com-
bined in vitro solubility or dialyzability studies with the
use of Caco-2 cells. Garcia et al. (83) added supernatants
from homogenates of different foods on top of Caco-2
monolayers and measured cell iron uptake. Qualitatively,
the results were in good agreement with human studies,
as supernatants from meat homogenates resulted in sig-
nificant higher uptake as compared to soybean protein,
egg albumin, and bovine serum albumin. A combination
of in vitro dialyzability and subsequent measurement of
iron uptake by Caco-2 monolayers was reported by Gan-
gloff et al. (82) and adapted by Glahn et al. (86). The
Caco-2 cells were cultured in six-well plates. For uptake
experiments, an upper chamber was created by using a
dialysis membrane as the bottom of an insert. A peptic-
pancreatic digest was put on top of this membrane. The
soluble59Fe in the digest was able to diffuse through the
membrane into the lower compartment and could subse-
quently be taken up by the cells. The dialysis membrane
prevented damage to the cells from the digestive en-
zymes.

HT-29 is another colonic cell line that is occasionally
used for the study of iron metabolism. In particular, clone
19A of this cell line has been used for the study of transe-
pithelial transport, including transport of lactoferrin
(169).

58 European Journal of Nutrition, Vol. 38, Number 2 (1999)
 Steinkopff Verlag 1999



Among the nontransformed small intestinal cell lines,
IEC-18 may be a useful model for transport studies.
These cells are derived from native rat ileal crypt cells
and have a transepithelial electrical resistance that unlike
Caco-2 cells resembles that of the small intestine. It is
possible to culture these cells on microporous membranes
(150), but transport or uptake of iron by these cells has
not been reported yet.

Finally, IEC-6 cells have been shown to take up iron
(194). IEC-6 cells have a finite life-span and were orig-
inally isolated from rat small intestine. They can also be
cultured on microporous membranes.

Pros and cons of iron absorption studies

The terms iron absorption and iron bioavailability are fre-
quently exchanged. Both terms usually match closely, but
they are not totally similar, as iron bioavailability takes
the potential use in the body into account, whereas iron
absorption does not. The classical way to determine iron
absorption in humans is the chemical balance with the use
of native iron. Advantages of this method include: (1)
study of the whole diet (although this can be considered a
drawback when the effect of a single food item is to be
assessed); (2) study for a prolonged time; (3) no exposure
to radiation; (4) possibility for analysis of several nutri-
ents simultaneously. The first two points may be impor-
tant, as studies with radioisotopes or stable isotopes are
usually based on a single test meal. They deviate from the
normal situation in that a single meal is applied after an
overnight fast, and subsequently, the subjects have to fast
again. In addition, single meal studies give only an indi-
cation of the iron absorption from a particular diet at one
moment. It has been suggested that single meal studies
may overestimate iron absorption as compared to absorp-
tion from a daily diet (45), and this has been corroborated
recently in man (248). Disadvantages of chemical balance
studies include: (1) a limited number of participants, be-
cause the studies are expensive and very laborious (col-
lection and analysis of duplicate meals, quantitative ex-
creta collection); (2) large margin of error, because net
retention is only a small fraction of iron intake and excre-
tion figures; (3) no correction for endogenous iron excre-
tion, although this factor is often of minor importance as
endogenous losses are low. It is crucial that excreta be
collected quantitatively. If not, iron absorption will be un-
derestimated to a significant extent. As an example, let’s
assume a study in which a dietary iron intake of 15 mg/d
is measured, with a fecal excretion of 14 mg/d, and a bal-
ance period of 2 weeks. When only one day’s feces is
missing, a net iron absorption of + 2 mg/d will be calcu-
lated, which is double the actual iron absorption.

With the use of radioiron or stable isotopes, the analy-
sis of a balance in humans is easier and more accurate.
However, fecal collections are still imperative. Whole-
body counting does not have the drawbacks of cumber-
some and possibly incomplete collection of excreta, but

radioiron is needed and the limitations of single meal
studies still exist when using this type of study.

Chemical balance studies in animals are easy to per-
form. Another advantage as compared to the use of
human subjects is the uniformity in iron status that can be
obtained. The most important drawback is the question-
able accuracy of extrapolation from the animal model to
humans.

The use of postabsorption plasma iron curves has im-
portant limitations. The kinetics of iron absorption may
differ between iron preparations, which may lead to a
misinterpretation of the results. An iron preparation that
is absorbed slowly will result in a lower maximal plasma
iron increase and a smaller area under the curve when the
time course of the measurement is limited. This was sug-
gested to occur in rats for ferric hydroxide-carbohydrate
complexes (84). When native iron is used, no correction
for the large diurnal variation in plasma iron can be made.
The method can only be used within a narrow dose range,
because a high iron dose may saturate plasma transferrin
so that the surplus of iron will be deposited in the liver
during first passage. In that case, total iron binding capac-
ity will be measured. On the other hand, if the dose is too
low, the plasma iron response will not emerge from the
basal variations in plasma iron. In sum, plasma iron re-
sponses may be useful in a clinical setting when compar-
ing the pharmacological bioavailability of different iron
preparations, provided that the pharmacokinetic charac-
teristics of these preparations are known. For determina-
tion of the nutritional bioavailability of iron, the method
does not seem to be of great value.

Intestinal loops, gut sacs, and other derivatives have
been useful to study mechanisms at the site of absorption.
Interaction effects of iron and other elements can be dem-
onstrated with the use of these models. However, they do
not seem to have special advantages for the study of iron
bioavailability, and as these models use animals, extrapo-
lation to humans is a problem. Caco-2 cells may have an
advantage in this respect, as they are from human origin.
The results obtained until now show a remarkable simi-
larity to human studies. The method is relatively new and
more research will be needed to confirm the similarities
for a broad range of substances. With the use of Caco-2
cells, it may be possible to pick up intramucosal effects
of dietary factors that interfere with iron transport, which
can not be done with the use of in vitro solubility studies.
The Caco-2 cell system may also become a tool in the
study of heme iron metabolism. Caco-2 cells contain
heme oxygenase and its activity can be increased after ex-
posure to heme (29). However, it is not known if the in-
testinal heme-iron receptor is present on these cells. Dis-
advantages of Caco-2 cells include: (1) the transformed
nature of the cells, as they are derived from a colon carci-
noma; it remains questionable to what extent normal
metabolic processes are maintained in these cells. The
following disadvantages relate to this: (2) the absence of
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a mucin layer, which may play a significant role in intesti-
nal iron absorption (37); (3) the transepithelial resistance
is much higher than in human small intestine and resem-
bles that of human colon; (4) low carrier expression, re-
sulting in very low transport rates, so that a scaling factor
may be required (144). This last point may apply also for
iron transport, since it has been repeatedly shown that
iron transport through Caco-2 monolayers is low.

In summary, a chemical balance study using native
iron resembles best the normal situation, but is very diffi-
cult to perform accurately in humans. Stable isotopes are
an improvement in terms of accuracy of determination,
but they are based on a single meal and require fecal re-
covery. Radioisotopes also lead to an accurate measure of
fecal recovery, but they cause radiation exposure. Be-
sides, complete collection still can not be assured by
these methods. Use of animals avoids some of the draw-
backs, but introduces the problem of species differences.
Whole-body counting is a direct and possibly the most re-
liable measure for iron retention, but radioactive59Fe is
needed. The use of plasma iron response as a measure for
iron bioavailability is limited, as well as in vitro models
based on intestinal loops or gut sacs. Caco-2 cells are a
promising tool, in that they might combine in vitro solu-
bility methods with interactions at or in intestinal cells.

Endpoint measurements

The hemoglobin-repletion bioassay

The rat hemoglobin (Hb)-repletion bioassay is the recom-
mended method according to the Association of Official
Analytical Chemists (8). Young, male rats are depleted of
iron by feeding an iron-deficient diet, so that anemia de-
velops. After at least 4 weeks, they are divided in com-
parable groups and receive diets containing the iron com-
pound under study in three different concentrations. The
Hb repletion is measured relative to the reference source
of iron, i.e., ferrous sulphate, which is fed also to three
groups of rats. The level of Hb increase will be the result
of both the dietary iron concentration and the dietary iron
source. Hb values are measured after two weeks of reple-
tion. By plotting these values against the dietary iron con-
centrations for each iron source, two lines are obtained.
The ratio of the slopes gives a quantitative measure for
the bioavailability of the iron compound under study. The
relative biological value (RBV) of the iron source is ex-
pressed relative to the effect of ferrous sulphate.

The method was originally developed for the study of
iron sources for fortification purposes. Several variations
on this assay have been used. Moreover, many sugges-
tions have been made as to improve the quality of the
measurements. Some of these will be discussed in this
section.

Effect of strain, sex and species

The AOAC method does not specify the rat strain that
should be used. This may lead to variation between rat
bioassays. Rao & Jagadeesan (217) compared the dietary
induction of anemia between Fischer 344, Wistar, and
Sprague-Dawley rats and found that the Sprague Dawley
strain was less susceptible to iron deficiency anemia. Af-
ter feeding an iron-deficient diet for 6 weeks, the mean
Hb values for both Sprague-Dawley and Wistar rats were
still higher than the maximum permitted Hb value for
entering the bioassay. No information is available as to
the relative speed of Hb repletion between rat strains.

Female rats showed a higher Hb gain than male rats,
which implies that direct comparisons should be limited
within the same sex (243). However, when food intake
was equal, no sex difference was observed (249). Chap-
man & Campbell (34) found a significant effect of sex on
liver iron contents in rats that were recovering from iron-
deficiency-anemia.

The rat is the recommended species, but many bioas-
says have been performed with other animals. In early
proposals of the AOAC method, the use of either chicks
or rats as test animals was suggested (206, 207). As com-
parable responses in two different species would increase
the reliability of the method, both species were used alter-
nately (73). The agreement between the responses in
chicks and rats was generally good (2). After close ex-
amination of the data, however, it was found that chicks
were more able than rats in utilizing reduced iron with a
large particle size (209, 189), possibly as a result of the
grinding action in the gizzard of the chick. Tests with re-
duced iron preparations in human volunteers showed no
plasma iron response when large-particle reduced iron
was given. Thus, rats resembled humans closer than
chicks in this respect, and rats were regarded the pre-
ferred test animal (209). The effects of iron salts (sodium
iron pyrophosphate and ferric ortho-phosphate) were
compared for rats, chicks, and humans, and in this case it
was found that the results for chicks were in closer agree-
ment with the results for humans (202). It seemed that
rats were more comparable to humans when reduced iron
preparations were used, whereas chicks responded like
humans in the case of iron salts. In these studies, the RBV
for humans was obtained by measuring the increase in
plasma iron 2 h after ingestion of the iron preparation un-
der study. In a collaborative study, the bioavailability of
electrolytic iron and ferric ortho-phosphate were com-
pared both in humans and in rats (67). The Hb repletion
rat bioassay served as a good predictor for both com-
pounds, when compared to the results for humans. In this
case, the RBV in humans was measured with a double-
isotope, extrinsic tag technique. Possible advantages
when using chicks are the ease of rendering chicks ane-
mic, which can be achieved in one week, as well as the
absence of coprophagy, which may be a disturbing factor
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in rats, dependent on the iron source that is used (215,
274). Pigs have been used in Hb repletion assays as well,
with promising results (78, 116). The similarity of gastro-
intestinal anatomy and physiology between piglets and
humans makes it an attractive model.

Hb repletion studies in human subjects have been re-
ported in a study involving ten healthy men. Iron defi-
ciency was induced by way of phlebotomy and dietary
iron absorption was studied for 5 months by Hb increase
(196, 199). The use of Hb repletion made it possible to
study the bioavailability of dietary iron for a prolonged
period. However, the method is not commonly used be-
cause of its invasive nature, the small number of subjects
that can be studied, and the large individual variation.

Effects of dietary background

Iron bioavailability can be affected by the diet in which it
is incorporated, as enhancing and inhibiting dietary fac-
tors will influence it to a huge extent (for reviews see 94,
188). Because of this, the diet to be mixed with the iron
source under investigation has been prescribed (8). Dif-
ferences in diet composition will induce changes in re-
ponse (4, 202), although the qualitative effects of treat-
ments may be maintained (73, 74). It has been shown that
purified versus natural-ingredient diets resulted in a
higher increase in several iron status parameters in rats
(264).

Length of the depletion period. Curative and prophylactic
assays

According to the AOAC method, rats have to be depleted
by feeding iron-deficient diets for at least 28 d, but
shorter depletion periods have been reported also (174,
176, 15).

Some studies reported the combined use of an iron-
deficient diet and bleeding at regular intervals (70).
Flanagan et al. (65) compared in mice the effects on
metal absorption of iron deficiency induced either by
bleeding or by a low-iron diet. It was found that a low-
iron diet induced the intestinal metal transport system to a
higher extent, and for a longer period.

The main objective of depletion is to standardize the
iron status of all rats to ensure a uniform response to iron.
Therefore, the depletion period can be shorter as long as
iron status is comparable. The ultimate reduction of the
depletion period would be its elimination. In that case,
the rats are fed the experimental diets immediately after
weaning. This test has been called the prophylactic assay,
opposed to the “curative” AOAC method, in which rats
are first rendered anemic.

The response to different iron sources by using a pro-
phylactic assay is studied similar to the AOAC method.
Comparisons between both methods have been made (3,

77, 176, 189, 201). Amine & Hegsted (3) studied iron
sources and food products containing iron in different
concentrations. Although they did not make direct com-
parisons, i.e., there were no compounds tested using both
assays, some of the dose-response curves that were ob-
tained in the prophylactic assay were significantly differ-
ent when comparing the expected with the actual intersec-
tion of the lines, that is, without any iron addition.
According to the authors, this could have been caused by
additional effects of the compound under study. For in-
stance, when the compound studied contains not only
iron, but ascorbic acid as well, there will be an additional
effect of the latter, resulting in a deviation in the intercep-
tion point. For the study of simple iron salts or concen-
trated iron sources, both assays were expected to be ap-
propriate, as no significant differences between both
assay types were found in rat studies (189, 201). Fritz et
al. (77) reported that the prophylactic test agreed with the
Hb repletion bioassay, but that the length of the prophy-
lactic test may be critical. Results for a 4-week assay
agreed with the results of the repletion test, whereas those
for a 3-week assay did not. Miller (176) compared the
RBV of egg yolk iron in rats by using both assays. An
11-d curative assay resulted in higher RBV’s as compared
to a 21-d prophylactic assay. When ascorbic acid was
added to the diets, this difference disappeared. Thus, the
effect of ascorbic acid addition on RBV was larger in the
prophylactic than in the curative assay. It was concluded
that the repletion assay was more sensitive because the
rats used dietary iron more efficiently, whereas the pro-
phylactic assay was more discriminatory.

As mentioned earlier, the main objective of the intro-
duction of a depletion period is standardization of iron
status. This implicates that a depletion period is not
necessary, if the iron status of the rats at the start of the
study can be considered similar. The prophylactic assay
has two advantages: studies can be performed in less
time, even in the case of a 4-week assay, whereas the ab-
sence of a depletion period will cause less discomfort to
the animals.

Length of the repletion period

The outcome of iron bioavailability assessments depends
on the length of the repletion period. The curve that de-
scribes the increase in Hb as a function of dietary iron
intake appears to be sigmoid-shaped and, therefore, be-
comes flat with time. Comparisons must be made from
the linear part of the graph. Thus, total dietary iron in-
take, or more specifically, the total amount of iron that
is available for the animal, determines the outcome of
the measure. Miller (174) obtained close dose-response
correlations when animals were repleted for 7 or 11 d,
corresponding with an iron intake of 1.5 to 4 mg, whereas
a 3-d repletion period proved unsatisfactory. In an evalua-
tion using data from four studies, this author found
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that the response of Hb was linear up to an intake of 7 mg
of iron as ferrous sulphate (175). This corroborated other
studies, in which Hb gain was linear for up to 4 weeks, at
which time 7.04 mg of ferrous sulphate was consumed by
the highest dose group (46). Ranhotra et al. (216) found
that ferrous sulphate had more a pronounced effect on Hb
regeneration after 15 d than after 30 d, during which peri-
ods 4.4 and 9.4 mg of iron were consumed, respectively.
Wienk & Beynen (264) also found more pronounced dif-
ferences between treatments after 7 versus 15 d of reple-
tion (during which periods 7.3 versus 20.5 mg iron was
consumed).

Criteria of response in repletion bioassays

Hb concentration after repletion and Hb concentration
gain

According to the AOAC method, the Hb value after two
weeks of repletion is the parameter of response for iron
bioavailability. The use of this parameter dates from the
1920s and 1930s (180, 57). The Hb gain during the reple-
tion period can also be used instead of the final Hb value
(76).

Several other response criteria have been compared to
Hb concentrations and the most important will be dis-
cussed hereafter.

Gain in total Hb and gain in total Hb iron

Hb concentration and Hb gain do not take into account
any difference in body weight gain. However, different
body weights will coincide with different blood volumes.
Response criteria that include not only Hb concentration,
but also body weight, by using the product of both, have
been used (238, 89). Total Hb gain, expressed in g, can be
calculated when blood volume is estimated as a percent-
age of body weight, and the initial and final body weights
are known. Blood volume in growing rats was about 7.5%
of body weight, both in animals that were anemic or re-
covering from iron-deficiency anemia (260), but other
values, ranging from 5.5 to 8.1%, have been used, too.

Iron bioavailability can be quantified specifically as
the amount of Hb iron that is gained during the repletion
period (7, 153). For this purpose, assumptions for both
the blood volume of rats and the amount of iron in Hb
have to be made. The whole-body amount of Hb iron can
then be calculated (6) using:

whole-body Hb-Fe (mg) =

Hb (mg/l) × body wt (kg) × Fe content of Hb (%) × blood
volume (% of body wt)

Hb contains 0.335% (w/w) iron. Both the initial and the
final amounts of Hb iron can be calculated using this for-
mula.

Hb regeneration efficiency (HRE)

When an iron supplement is studied by the use of a reple-
tion bioassay, the dietary background should be similar.
However, when iron bioavailability from different
food sources is to be assessed, the diet can not be similar.
Despite equal iron concentrations, dietary iron intake will
differ between groups if dietary intake is different. To
minimize potential interference of this factor a correction
for different iron intakes can be made (153) by dividing
the whole-body Hb-iron gain by the amount of iron that is
ingested. The resulting figure is called HRE (156):

whole-body Hb-Feday x (mg) – whole-body
Hb-Feday 0 (mg)

HREday x =
Fe intakeday 0 to x (mg)

The calculation of the amount of whole-body Hb-iron
has been given in the preceding paragraph. A linear re-
sponse between Hb-iron gain versus daily iron intakes of
0.2 up to 0.6 mg was found, indicating that the efficiency
of conversion of dietary iron into Hb was not affected by
dietary iron level (154). However, it is important to
choose the length of the repletion period such that a total
dietary iron intake of about 7 mg is not exceeded in order
to guarantee a linear response. Occasionally, dietary iron
concentration instead of iron intake was used as denomi-
nator (176), which will diminish the accuracy of the as-
sessment if diet consumption differs between rats.

HRE was unaffected by differences in growth response
as induced by adding increasing amounts of fat to the diet
(155). Results regarding the effect of a restricted feed in-
take on HRE are controversial. Mahoney et al. (158)
found no effects after feeding 60% of the ad libitum
amount, whereas Miller (173) found an increased HRE
after feeding 83% of the ad libitum amount of diet.

Hematocrit (Ht)

In early studies concerning the Hb repletion assay in
chicks it was reported that the Hb response to graded
levels of ferrous sulphate was more consistent than the Ht
response (206), although the differences between both
measures were small. Hb and Ht are not always com-
pletely interchangeable (7, 130) but usually give similar
results (2, 127, 15).

Free erythrocyte porphyrin (FEP)/Hb ratio

The ratio of FEP to Hb is occasionally used as an indica-
tor for anemia. FEP is high in iron deficiency (26).
FEP/Hb shows a decrease with increasing Hb values dur-
ing the repletion period (81), but this ratio does not seem
to give any additional information.
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Iron in liver and other organs

The amount or the concentration of liver iron as affected
by different dietary regimens has often been determined
(134, 107, 100) for assessing iron bioavailability. Iron in
other organs has been used for the same purpose. They all
give an indication of the animal’s iron status but it makes
no sense to use tissue iron contents instead of Hb for iron
bioavailability assessment. Furthermore, iron storage in
liver or any other organ does not always point at an in-
creased iron bioavailability of the compound that was fed.
Rather, the diet under investigation may eventually cause
disturbances in iron metabolism, leading to a redistribu-
tion of body iron, which has been shown in vitamin A-
deficient rats (220). Finally, it depends on the definition
of iron bioavailability whether or not liver iron is to be
considered bioavailable, because it is storage iron, and
therefore non-functional.

In chicks, close correlations between dietary iron in-
take versus iron concentrations in liver and kidney were
found when conventional diets supplemented with iron up
to 800 mg/kg were fed (30). It seems that this method can
be used instead of Hb repletion, but it is unknown if this
holds true for other animals as well.

Carcass iron

This is the most absolute way to determine the amount of
iron in the body. Carcass iron content shows good agree-
ment with the gain in Hb (72), and it was strongly corre-
lated (r = 0.97) with ferrous sulphate intake up to about
9 mg of iron (175), but that held true also for Hb-iron
gain (r = 0.96). A limitation of the method is the presence
of diet in the gastrointestinal tract. This will lead to an
overestimation of total body iron, which will even in-
crease in groups that were fed diets with higher iron con-
centrations. On the other hand, removal of the entire gas-
trointestinal tract will cause a consistent underestimation
of total body iron. Another disadvantage of measuring to-
tal body iron is that only final values can be obtained.
The method is seldom used.

Body weight gain

Iron-depleted rats have a reduced growth rate. On enter-
ing the repletion period, the intake of iron and the in-
crease of Hb will be positively correlated with body
weight gain for some time. Up to a total iron intake of
about 4 mg, the response of body weight gain is highly
correlated with the amount of iron that is consumed, but
response criteria based on body iron gain correlate better
(175). Therefore, the use of this response criterion is lim-
ited. Another disadvantage of this criterion is that it can
be used only in growing animals.

Interpretation of the results

For the statistical evaluation of bioavailability assays, the
reader is referred to a recent review (145). We will
briefly discuss three types of assay that are used for the
determination of iron bioavailability: graphic assays and
procedures using standard curves, the slope-ratio assay,
and the parallel-lines assay.

In early bioassays the RBV of iron was calculated us-
ing a graphic assay (207). From a plot of furnished die-
tary iron versus Hb gain, it could be determined which
Hb gain was obtained by feeding a diet with 20 mg/kg
sample iron. From the same plot it was determined which
concentration of ferrous sulphate led to an equal increase
in Hb. The RBV of a sample was assigned on the basis of
the quantity of iron supplied by ferrous sulphate that pro-
duced an equal Hb response:

mg Fe/kg from ferrous sulphate
RBV (%) = ,

mg Fe/kg from sample

that gives equal Hb response.

Similar results can be obtained by using a standard curve
that is based on the response to different levels of ferrous
sulphate. The response to the iron compound under study
can be expressed relative to the corresponding ferrous
sulphate response with the use of this curve. Theoreti-
cally, the use of only one concentration of the iron source
under study, i.e., one group of animals, is sufficient to ob-
tain a value for the RBV, provided that the response to
the iron sample is in the linear range of the curve.

With the slope-ratio technique, the slope of the re-
sponse to the iron sample relative to the slope of the
response to ferrous sulphate is expressed. Two basic as-
sumptions are linearity of the response and equal re-
sponse in the absence of iron, that is, intersection at the
Y-axis. For this method at least three groups of animals
are necessary for each iron source studied.

In the parallel-lines assay, which was adopted by the
AOAC (75, 8), the amount of dietary iron is expressed
logarithmically versus the response criterion. This trans-
formation may be useful in the case of a non-linear re-
sponse. The parallel-lines assay was compared to several
other methods of data analysis. All methods led to similar
conclusions regarding the RBV of supplemental iron (76).

With the use of the HRE method, the RBV of an iron
compound can be obtained by dividing its HRE with the
HRE of ferrous sulphate (156, 246). However, with se-
vere iron depletion the HRE from ferrous sulphate be-
came higher, whereas the HRE from iron-containing
foods did not change (273). In that case, the RBV of the
compound under study may appear to be lower, although
still an equal amount is bioavailable.
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Studies in blood using one radioisotope

The first study using radioiron was published by Hahn et
al. (91). They monitored the fate of59Fe in anemic dogs.
Radioactivity measurements were made on ashed viscera
and blood, after oral administration of59Fe(III) sulfate.
For food iron absorption studies in humans, mustard
greens and spinach were grown in the presence of59Fe,
while laying hens and rabbits were injected with59Fe to
label intrinsically eggs, liver, and muscle. The amount of
59Fe that appeared in the blood during the two weeks after
feeding a labeled foodstuff was determined (187). This
method went out of use for several reasons. As the inter-
individual variation in iron bioavailability is very high,
subjects had to be their own control if comparisons be-
tween treatments were to be made. With the introduction
of techniques that made it possible to measure accurately
a second iron radioisotope,55Fe, intraindividual compari-
sons could be made simultaneously (see below). For rea-
sons of convenience,59Fe determinations in blood are
still performed in animals (168, 80, 101).

Studies in blood using two radioisotopes

Oral and intravenous administration

Absorbed iron is primarily incorporated into Hb. How-
ever, the amount incorporated is less than 100%. A small
and variable amount is distributed in other tissues. Hence,
although the amount of radioiron in the red cell mass re-
flects the amount of iron that is absorbed, the actual per-
centage of absorption can not be calculated from this
value. This can be corrected for by a technique that was
first described in rats by Saylor & Finch (229). A known
amount of55Fe was given orally and a known amount of
59Fe was injected intravenously. A blood sample was
taken after 9 d. The ratio of55Fe to 59Fe in blood is a
measure for the true absorption of55Fe, provided that the
internal distributions of the oral and intravenous adminis-
tered isotopes are similar. It can be calculated by:

55Fe absorption (%) =

55Fe activity in blood sample ×59Fe dose injected
× 100

55Fe dose orally administered ×59Fe activity
in blood sample

This procedure was also applicable in man (25, 205).

Oral administration of both isotopes:
The double-isotope method

A variation on this method was employed by supplying
both radioisotopes orally on consecutive days in different

meals, after which their ratio in blood was determined.
This made it possible to estimate iron absorption com-
paratively within the same subject (25, 205). This oral ad-
ministration of55Fe and59Fe to humans has become a fre-
quently used technique for the estimation of iron absorp-
tion from different foods. It will be referred to here as the
double-isotope method.

Briefly, experiments in which the double-isotope
method is applied are designed as follows. The foods or
food components under investigation are tagged: one with
59Fe and the other with55Fe. The subjects are served one
tagged food on day 0, and the other one on day 1. A blood
sample may be taken in advance for determination of base-
line hematological values. Blood is drawn on day 15.
Eventually, a second pair of tagged foods may be adminis-
tered similarly and a final blood sample has to be drawn
then on day 30. The isotope ratios in the blood samples of
day 15 (and day 30) are measured. In practice, a maximum
of four different foods can be studied in one subject.

When Layrisse et al. (138) estimated iron absorption
from different intrinsically labeled foods, they observed
mutual interactions. For example, when labeled corn and
veal muscle were given together, the incorporation of
corn iron increased whereas the incorporation of veal iron
decreased when compared to the resulting iron incorpora-
tion from the single foods. These findings were corrobo-
rated by subsequent experiments generally showing that
iron incorporation from vegetable foods increased when
they were given with fish (160) or meat (161). This could
be explained by assuming that all the nonheme iron in a
meal is able to enter a common pool from which absorp-
tion takes place. Evidence for the existence of this com-
mon pool was provided by experiments that measured in-
corporation from a food that was intrinsically labeled
with 55Fe and extrinsically labeled with inorganic59Fe
(39, 17). Incorporation from intrinsic and extrinsic radioi-
ron was highly correlated and independent of iron va-
lence, iron dose, and efficiency of incorporation (39).
Soon thereafter, it was shown that there was a common
pool for heme iron too, and that the addition of tagged he-
moglobin to a meal provided a measure for heme-iron ab-
sorption from the total meal (139). The validity of extrin-
sic tagging was corroborated by subsequent studies for a
number of single foods and meals (18, 228). However,
there may be some pitfalls using the double-isotope
method because the isotopic exchange is not always com-
plete. Iron in unpolished rice (18), hemosiderin and fer-
ritin iron (141, 162) and contamination iron (95) did not
seem to exchange sufficiently with the extrinsic iron tag.
For human milk, it takes up to 72 h after extrinsic tagging
before a similar distribution as compared to the intrinsic
milk iron is reached (49, 147). Finally, some types of for-
tification iron may not enter the common nonheme-iron
pool sufficiently, which may result in either a decreased
absorption, as for carbonyl iron (96), or an increased ab-
sorption, as for ferrous fumarate (120).
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Quantification of the double-isotope method using
estimates

The use of the double-isotope method results in a ratio of
both radioiron isotopes in blood. In order to quantify the
outcome in terms of absorption it may be adapted. Sev-
eral approaches have been used for this, which comprise
methods that estimate both the percentage radioiron in-
corporation in erythrocytes and blood volume, with addi-
tional use of a reference dose of iron, and/or normaliz-
ation of the results to a fixed iron status.

The percentage of absorbed radioiron that is incorpor-
ated into the erythrocytes and the total blood volume of
the subject are both unknown. In healthy subjects having
a normal iron status, about 80% of the radioiron absorbed
from an oral dose will be utilized for incorporation in the
red cell mass, whereas in subjects suffering from iron-
deficiency anemia about 96% of the absorbed radioiron is
incorporated. In various anemias of different origin, this
red cell iron utilization may vary from 18% in thalas-
semia up to 83% in anemias caused by infection (26). Es-
timates for blood volume can be obtained experimentally,
but are usually estimated either as a fixed percentage of
body weight or derived from tables that are based on a
combination of sex, weight, and height.

It is not reliable to compare iron absorption between
different subjects without any additional correction, be-
cause interindividual variation in iron absorption will
surely interfere with the results. This can be corrected for
by using a reference dose of iron that is administered to
all subjects. The calculated iron absorption levels can
then be standardized relative to this reference dose. This
method was applied in many studies (40, 140, 67). A
standard meal can also be used as the reference. The ef-
fect on iron absorption of various additions to the meal is
then expressed relative to that standard meal. In this way,
the effect of different proteins (42, 119), the effect of de-
leting or doubling the amount of carbohydrates, fat or
protein in a semisynthetic meal (183), and the effect of
different types of fiber (43) have been reported. When a
standard meal is used as the reference source of iron,
even dose-response curves can be obtained by adding in-
creasing quantities of a compound to it (19, 41, 142, 151).

Iron absorption is determined by the iron content and
composition of the food studied, and the iron status of the
subject. In order to ease comparisons between different
studies, the absorption percentage of the reference dose is
sometimes “normalized” to subjects without iron stores
that have not yet developed anemia. It was established
that the absorption in these so-called borderline iron-
deficient subjects of a 3 mgreference dose of ferrous iron
is about 40% (152). Thus, in order to obtain a normalized
figure for iron absorption from a food sample, the ratio of
iron absorption from the sample versus absorption of 3mg
of ferrous ascorbate was simply multiplied by 40, result-
ing in so-called A40 values (11, 97).

Instead of a reference dose, serum ferritin has also
been used as a predictor for iron status. Taylor et al. (245)
compared in a meta-analysis comprising 2018 subjects
iron absorption from four sources with three indicators of
iron status: serum ferritin, plasma transferrin saturation,
and iron absorption from a reference dose of iron. They
found that transferrin saturation was a poor predictor for
iron absorption when it was higher than 25%. However,
serum ferritin was practically as efficient as the reference
dose absorption in predicting food iron absorption from
meat and/or vegetable meals. Heme iron absorption
formed an exception in that serum ferritin levels corre-
lated poorly. On the other hand, Olivares et al. (198)
found a good correlation between heme iron absorption
and serum ferritin levels in a study that comprised 39 sub-
jects.

Quantification of the double-isotope method using
whole-body counting

An accurate way of quantification of the double-isotope
method is to extend it with a whole-body count. When
this is done few hours and 15 d after ingestion of the test
meal a figure for the total59Fe retention is obtained. With
this figure and the isotope ratio in blood the retention
from 55Fe can then be calculated (21, 222, 87). Hence, no
estimates for blood volume and red cell iron incorpora-
tion are necessary.

The joined use of the double-isotope method and
whole-body counting is particularly useful for studying
total iron retention from a meal containing heme and non-
heme iron. Both common pools can be tagged extrinsi-
cally and the comparative absorption from both pools
within a meal can be studied. The retention from the
whole diet can then be quantified with the use of whole-
body counting (92, 20).

Application of the double-isotope method in animals

Most iron bioavailability studies are performed in order
to predict the contribution of a particular food to iron
bioavailability in man. As the double-isotope method is
usually applied in man, there is no need for extrapolation.
Nevertheless, the double-isotope method has also been
used in animals, mainly for comparing the results of this
technique for humans and animals, in order to determine
the feasibility of animal models for iron bioavailability.
In an attempt to validate the method of extrinsic tagging
in iron-depleted and normal rats, studies with extrinsi-
cally and intrinsically labeled food components have been
reported (181, 255).

The relative absorption of ferrous and ferric com-
pounds was compared using the double-isotope technique
in guinea pigs and rhesus monkeys. It was shown that the
latter used ferrous iron preferentially. In a subsequent ex-
periment, rhesus monkeys absorbed iron from rice-based
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and wheat-based meals to the same extent as humans, in-
dicating the feasibility of rhesus monkeys as an animal
model in this respect (191).

Animals have also been used as a model for man in or-
der to investigate extrinsic iron exchangeability in milk.
As human milk can not be intrinsically tagged, the appro-
priateness of extrinsic labeling had to be studied in an
animal model. In milk of sows, intrinsic and extrinsic iron
were found to be distributed differently, suggesting that
extrinsic labeling of human milk may also yield invalid
results (85).

Reddy & Cook (219) used the double-isotope method
in rats and humans in order to study the relative sensitiv-
ity of rats to dietary factors (meat, ascorbic acid, tea,
bran, and soy protein) known to influence iron absorption
in humans. It was found that rats were relatively insensi-
tive to these factors, although rats and humans responded
similar in a qualitative way.

Studies in blood using stable isotopes

Early studies using stable iron isotopes made use of one
stable isotope without correction for interindividual dif-
ferences (170, 125). Whittaker et al. (261) measured in
four healthy women fractional iron absorption by using
two enriched isotopes, of which54Fe was given orally,
while 57Fe was injected intravenously. This method was
subsequently used to study iron absorption from a ferrous
sulphate solution in healthy women during pregnancy and
post delivery (262) and to study food iron absorption
from a breakfast extrinsically labeled with54Fe in the
same target group (13). In these studies, fractional ab-
sorption of the orally administered isotope was calculated
by measuring the area under the curve for both isotopes:

oral absorption (%) = (AUCoral /AUCiv) × (doseiv /
doseoral) × 100

As these authors argue, the level of erythrocyte incor-
poration from orally administered iron is not exactly
known in pregnancy. Therefore, the appearance in
plasma, instead of erythrocyte incorporation was used as
the measure.

A promising method to assess iron bioavailability
comparatively in humans is to apply the double-isotope
method with the use of stable isotopes of iron (129). In-
fant formula was labeled either with57Fe or58Fe. The iso-
topic enrichment in erythrocytes was measured subse-
quently. Assumptions for blood volume and fraction of
iron that is incorporated in erythrocytes have to be made
if absorption is to be expressed as a percentage of iron
uptake. Theoretically, as these authors pointed out, it
would even be possible to use a triple-isotope method, by
using 54Fe as well. One stable isotope could then be
added to a reference dose of iron for standardization pur-

poses, while the other two stable iron isotopes would still
be available for comparative studies within the same sub-
ject.

Stable isotopes are particularly useful in the assess-
ment of iron bioavailability in vulnerable groups. For this
reason, many stable isotope studies have been performed
in infants and children (269, 66), and in pregnancy (262,
13).

Iron status parameters

All endpoint measurements that have been discussed so
far are based on the incorporation of absorbed radioiron
or stable isotopes into the red cell mass. Hematological
parameters as such have also been used for the assess-
ment of iron bioavailability, including Hb, Ht, serum fer-
ritin, serum iron, TIBC, transferrin saturation, MCV, and
free erythrocyte protoporphyrin. These have been applied
in studies regarding the effectiveness of either iron sup-
plementation or iron fortification of food, and to study the
effects of different iron regimens.

Common characteristics for all iron supplementation
studies are the low iron status of the group under investi-
gation at the start of the study and the long duration of
the study, ranging from 3 weeks up to 1 year depending
on the level of iron supplementation (88, 24).

Food iron fortification can be measured in a clinical
setting in order to test its effectiveness. Next, it should be
assessed in field studies, in which iron status before and
after the implementation of the fortification program
should be determined. Fortification programs may be
aimed at special groups or comprise the whole popula-
tion. Hertrampf et al. (112) tested the effects of iron-
fortified cereal on iron status in infants. The effects of
supplying iron-fortified cookies in a school lunch pro-
gram has been studied in 1000 boys and girls in Chile
(254). Recently, the results of an iron fortification pro-
gram on community scale were reported (253).

Information regarding food iron effects on iron status
is scanty. Hertrampf et al. (111) compared infant iron
status after feeding soy formula, fortified cow’s milk or
breast feeding. Fuchs et al. (79) compared the effects of
formula versus cow’s milk with iron-fortified cereal. The
effect on iron status of additional meat consumption as
compared to iron supplementation was studied in women
(149). The effects of dietary manipulation on iron status
are hardly demonstrable in subjects with normal body
iron stores as shown by Cook et al. (44), who found no
increase in serum ferritin levels in healthy subjects when
2 g ascorbic acid was supplemented daily for 16 weeks.

Pros and cons of endpoint measures

When it is agreed that solubility, absorption, and incorpo-
ration in the functional compartment are all involved in
ultimate bioavailability (230), then an endpoint measure
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in a representative part of the functional compartment
gives the best figure for iron bioavailability. For this pur-
pose, Hb seems to be the best candidate. In general, two
methods can be applied: repletion bioassays or (double-)
isotope studies.

Hb repletion in rats serves as the standard method ac-
cording to the AOAC. For Hb repletion, we have to rely
on animal models, as repletion studies were only seldom
performed in humans. The rat model offers some clear ad-
vantages: it is relatively simple to perform, large numbers
of samples can be screened, and responses to treatment
are uniform. When the anemic rat model is to be used,
calculation of HRE instead of the use of Hb repletion
seems to be favorable. HRE determination only demands
body weigths and food intake to be measured in addition
to Hb, in order to correct for both factors. When a HRE
assay is performed, only one group of rats is needed for
each iron source, including the reference source, provided
that the response is in the linear range. This approach
may decrease the number of rats that have to be used to
about 30%.

The Hb-repletion bioassay was originally designed to
determine iron bioavailability of fortification iron. For
that purpose, addition in different concentrations of the
iron compound under study was sufficient. However,
when the bioavailability of food iron is to be compared
according to the guidelines of the bioassay, different
amounts of the food under study must be added to the ba-
sal diet at the expense of one or more of the other dietary
components, in order to reach a range of different dietary
iron concentrations. It is obvious that this approach leads
to variations in the amounts of other food components.
This error is inherent to the repletion bioassay. Another
limitation of the bioassay is the difficulty to study foods
or food components which enhance iron bioavailability.
As iron absorption in iron-deficient rats is already highly
induced, any enhancing effect of a dietary component
may not emerge from the results. A major cause for con-
cern is the suitability of the rat to act as a model for man.
Rats respond qualitatively similar to different dietary fac-
tors as compared to man (157). For that reason, these
authors feel that the rat model is potentially useful to esti-
mate iron bioavailability for  humans. Others come to a
different conclusion (219). There is no obvious reason for
the rat as an animal model in this case. It is, of course,
simple and inexpensive, but the use of the model seems to
be empirically based. Scientific evidence is accumulating
that the rat does not fit well as a model for man when iron
bioavailability is to be studied. Rats are able to absorb
ferrous and ferric iron to an equal extent, while man pref-
erentially absorbs ferrous iron; the bioavailability to rats
of heme and nonheme iron is approximately similar,
where man preferentially absorbs heme iron; man is able
to raise iron absorption from a nonheme iron reference
dose to approximately 40% in case of a low iron status,
where rats are able to absorb double the amount. Rats are

able to synthesize ascorbic acid, and they possess intesti-
nal phytase activity, where man does not. If quantitative
results are to be obtained, these factors advocate against
the use of the rat as a model for iron bioavailability in
man. Other animal models may prove to resemble man in
a more quantitative way. The pig has been considered
useful as an animal model, as its gastrointestinal tract re-
sembles that of humans. However, results are scanty as
the vast majority of studies on iron nutrition has been per-
formed in rats. Moreover, the usefulness of every animal
model is questionable as long as the accuracy of extrapo-
lation to man is unknown.

Double-isotope studies are an important source of cur-
rent knowledge of iron nutrition and iron bioavailability
in man. The advantages of this method include the use of
human subjects, hence no extrapolation problem, as well
as the relative simplicity of the method. Disadvantages of
the method include its single meal basis, the exposure to
radiation, and the impracticability of extrinsic tagging for
some compounds. Single meal studies may not give a
similar result as compared to whole-diet studies. This
drawback can be overcome by assessing iron bioavailabil-
ity from the whole diet for a few days, but this demands
the tagging of each meal. Only a few studies have been
performed in this way (93, 87, 117). In some cases, ex-
trinsic tagging of food is not feasible, because it results in
a different distribution of extrinsic vs. intrinsic iron. It
has to be kept in mind, however, that by far most food-
stuffs do not cause any difficulties in this respect. When-
ever the iron bioavailability of a foodstuff or iron prepa-
ration is to be tested with the use of the double-isotope
method without knowing the feasibility of extrinsic tag-
ging, this should be investigated. The use and limitations
of extrinsic tagging in iron bioavailability have been re-
viewed by Consaul & Lee (38).

The same advantages and disadvantages hold true
when stable isotopes are used in the double-isotope
method, except for the exposure to radiation. The pres-
ence of three stable isotopes against two radioisotopes of
iron leads to a higher potential in designing experiments.
The use and determination of stable isotopes still has
many practical limitations. As stable isotopes do not emit
radiation, whole-body counting can not be performed.
Therefore, it is impossible to link the double-isotope
method to whole-body counting in order to obtain a direct
measure for iron retention, as has been done for radioiron.
An additional limitation is the cost both of the isotopes
and the detection equipment. Finally, in order to reach
sufficient enrichment of the foodstuff under study, rela-
tively large quantities of stable isotopes are needed. Thus,
the iron content of the foodstuff is increased significantly,
which may influence the results, for the percentage iron
absorbed drops with increasing dosage, whereas the
amount absorbed rises (26).

Other hematological parameters for studying iron bioa-
vailability may be useful in a clinical setting for the treat-
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ment of iron-deficiency anemia, and in field studies to
monitor the effectiveness of iron fortification programs.
Hb and serum ferritin are useful parameters in this re-
spect. In Third World countries, however, the use of se-
rum ferritin as the sole iron status parameter may mask
the incidence of anemia, because it may be increased dur-
ing infections, regardless of iron status.

Prediction of iron bioavailability by means of arithmetic

models

Some attempts have been made to predict iron bioavail-
ability from a whole diet by means of calculation. Two
approaches can be distinguished. The first is a method to
calculate iron bioavailability from a whole meal, based on
both the concentration of iron and enhancing factors in
the meal. The second approach departs from mathemati-
cal models that are derived from in vitro data in order to
predict the impact of an enhancing or inhibiting factor on
the in vitro availability of iron in food products.

Two arithmetic models

Monsen et al. (182) reported for the first time a model to
predict iron bioavailability for a given diet. Five parame-
ters are needed, i.e., the amounts in the meal of total iron,
heme iron, nonheme iron, ascorbic acid, and meat + poul-
try + fish (i.e., animal tissue). If known, body storage iron
may be used as a sixth, person-bound parameter. The as-
sumptions are: (1) relative heme iron absorption depends
on body iron stores, and does not depend on meal compo-
sition; (2) relative nonheme iron absorption depends on
both body iron stores and meal composition; the latter is
determined by the amounts of ascorbic acid and/or animal
tissue (i.e., enhancing factors); (3) animal tissue iron con-
sists of 40% heme and 60% nonheme iron. For each meal,
the amounts of total iron, nonheme iron and heme iron,
ascorbic acid, and animal tissue can be calculated from
food tables. Subsequently, the amount of absorbable iron
can be calculated for each meal. In the original method,
depending on the amount of enhancing factor, the avail-
ability of nonheme iron in a meal was considered either
low, medium or high, with three accompanying absorp-
tion percentages. In a refinement on the method (184), the
amount of enhancing factors was substituted in a logarith-
mic equation in order to obtain a better estimate for the
percentage of nonheme iron absorption. This so-called
“Monsen method” generally gives a good indication with
respect to the amount of absorbable iron from a meal.
However, some factors have not been taken into account,
and these must be considered carefully when applying the
model. First, no correction was made for any inhibiting
factors in the meal, although these may affect ultimate
iron bioavailability to a considerable extent. Second, no
adjustments were made for an increase in total available
iron, although higher iron doses induce a decrease in ab-

solute iron absorption. Third, the assumption that 40% of
animal tissue iron consists of heme iron is questionable. It
was noticed that heme iron contents of animal tissues
were not invariably 40% of total iron, but the figure was
used for convenience (182). However, a recent study indi-
cates that heme iron contents in different meats are not
only variable (from 22 up to 80% in cooked meat sam-
ples) but usually also higher than 40% (33). Fourth, no
adjustments could be made for nonheme iron sources that
do not enter the common pool and as a result are not ab-
sorbed. For these reasons, variations on the model have
been used. As an example, Cook et al. (45) adjusted for
inhibiting factors in the diet.

Mathematical models for the study of iron bioavail-
ability can be derived from in vitro solubility data in or-
der to predict the impact of an enhancing or inhibiting
factor on the in vitro availability of iron in food products.
Wolters et al. (267) developed a model that was based on
theoretical chemical considerations. With the use of this
model it was possible to describe the effect on iron bio-
availability of a single enhancing or inhibiting factor, as
well as on combinations of these factors. Iron availability
of cereal products, fruits, vegetables, and nuts was best
described by taking ascorbic acid into account as an en-
hancer, and both arabinose and phytic acid as inhibitors,
each with its own weight factor. Anand & Seshadri (5)
used a linear regression model in order to predict iron
bioavailability from Indian vegetarian meals. Enhancing
(ascorbic acid, citric acid) and inhibiting (tannic acid, cal-
cium phosphate) parameters were incorporated in the
equation. Both mathematical models may give insight in
possible interactions of enhancing and inhibiting factors
with iron, but also have important limitations. For both
methods, data were used that were derived from in vitro
dialyzability or solubility studies. Thus, physiological
conditions which partly determine iron bioavailability are
not taken into account. Some other potentially important
factors, like competitive trace element interactions have
not been incorporated into the model.

Pros and cons of arithmetic models

Both the Monsen method and mathematical modeling are
based on experimental data in order to quantify the in-
hibiting and enhancing factors. The model of Monsen et
al. (182) is primarily based on data from iron bioavail-
ability studies in humans. It provides an easy tool to cal-
culate iron bioavailability from a meal, and heme iron is
included in the model. However, as the effect of absorp-
tive inhibitors was not included in the original model, an
updated version (45) will give better results. Mathemati-
cal models may be useful to predict the relative impact of
an enhancing or inhibiting factor on iron bioavailability
for a wide range of foods. As they are based on in vitro
data, all limitations of in vitro experiments are applicable
to them.
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Concluding remarks

As has been stated in the introduction, iron bioavailability
should ideally be quantifiable. Several methods are used
to assess iron bioavailability and they all quantify it in
their own way. If a consensus is to be reached about a
general method for the quantification of bioavailability,
this might result in some kind of an absolute figure for
iron bioavailability. But do we have to strive for such a
measure? At this moment, there is no method available
combining all advantages without any limitations. There-
fore, the best approach should be to study iron bioavail-
ability in an integrated matter. With a thorough knowl-
edge of the possibilities and limitations of individual
methods, the most feasible method or set of methods can
be chosen.

For large-scale screening in vitro solubility and dialyz-
ability studies are suitable. Cell lines may even give a
better picture, as effects on the intestinal level may be de-
monstrable. However, much work needs to be done be-
fore the suitability of cell lines, like Caco-2, can be
judged properly. Animals may be useful in that they re-

spond qualitatively equal to several modulators of iron
bioavailability, but it seems that this can also be achieved
with in vitro models. For the study of fortification iron, in
vitro solubility methods seem to give results that are com-
parable to the Hb-repletion bioassay. The mechanistic ef-
fects of minor additions (like micronutrients) may be
studied using the Hb-repletion rat bioassay, but Caco-2
cells may become equally suitable. For assessment of iron
bioavailability in whole food or major components of
food the experimental design of the Hb-repletion bioassay
is unsuitable.

Ultimately, human subjects have to be studied in order
to corroborate results from in vitro and/or animal studies,
for the latter can only predict iron bioavailability,
whereas balance and isotope methods in man give a more
direct figure by getting around the extrapolation of the re-
sults. Although radioisotopes have added much to our
knowledge of iron bioavailability, exposure to radiation
just for scientific purposes remains a serious drawback of
the method. Stable isotopes are promising in this respect
and may take over the role of radioiron, but much work
has to be done in order to develop this method further.
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