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Iron

SUMMARY
Iron functions as a component of a number of proteins, including
enzymes and hemoglobin, the latter being important for the transport
of oxygen to tissues throughout the body for metabolism. Factorial
modeling was used to determine the Estimated Average Requirement (EAR) for iron. The components of iron requirement used as
factors in the modeling include basal iron losses, menstrual losses,
fetal requirements in pregnancy, increased requirement during
growth for the expansion of blood volume, and/or increased tissue
and storage iron. The Recommended Dietary Allowance (RDA) for
all age groups of men and postmenopausal women is 8 mg/day; the
RDA for premenopausal women is 18 mg/day. The median dietary
intake of iron is approximately 16 to 18 mg/day for men and 12
mg/day for women. The Tolerable Upper Intake Level (UL) for
adults is 45 mg/day of iron, a level based on gastrointestinal distress
as an adverse effect.

BACKGROUND INFORMATION
Almost two-thirds of iron in the body is found in hemoglobin
present in circulating erythrocytes. A readily mobilizable iron store
contains another 25 percent. Most of the remaining 15 percent is in
the myoglobin of muscle tissue and a variety of enzymes necessary
for oxidative metabolism and many other functions in all cells. A
75-kg adult man contains about 4 grams of iron (50 mg/kg) while a
290
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menstruating woman has about 40 mg/kg of iron because of her
smaller erythrocyte mass and iron store (Bothwell et al., 1979).

Function
Iron can exist in oxidation states ranging from –2 to +6. In biological systems, these oxidation states occur primarily as the ferrous
(+2), ferric (+3), and ferryl (+4) states. The interconversion of iron
oxidation states is a mechanism whereby iron participates in electron transfer, as well as a mechanism whereby iron can reversibly
bind ligands. The common biological ligands for iron are oxygen,
nitrogen, and sulfur atoms.
Four major classes of iron-containing proteins exist in the
mammalian system: iron-containing heme proteins (hemoglobin,
myoglobin, cytochromes), iron-sulfur enzymes (flavoproteins, hemeflavoproteins), proteins for iron storage and transport (transferrin,
lactoferrin, ferritin, hemosiderin), and other iron-containing or
activated enzymes (sulfur, nonheme enzymes). In iron sulfur enzymes,
iron is bound to sulfur in one of four possible arrangements (Fe-S,
2Fe-2S, 4Fe-4S, 3Fe-4S proteins). In heme proteins, iron is bound to
porphyrin ring structures with various side chains. In humans, the
predominant form of heme is protoporphyrin-IX.

Hemoglobin
The movement of oxygen from the environment to the tissues is
one of the key functions of iron. Oxygen is bound to an ironcontaining porphyrin ring, either as part of the prosthetic group of
hemoglobin within erythrocytes or as part of myoglobin as the facilitator of oxygen diffusion in tissues.

Myoglobin
Myoglobin is located in the cytoplasm of muscle cells and increases
the rate of diffusion of oxygen from capillary erythrocytes to the
cytoplasm and mitochondria. The concentration of myoglobin in
muscle is drastically reduced in tissue iron deficiency, thus limiting
the rate of diffusion of oxygen from erythrocytes to mitochondria
(Dallman, 1986a).

Cytochromes
The cytochromes contain heme as the active site with the iron-
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containing porphyrin ring functioning to reduce ferric iron to
ferrous iron. Cytochromes act as electron carriers. The 40 different
proteins that constitute the respiratory chain contain six different
heme proteins, six with iron sulfur centers, two with copper centers,
and ubiquinone to connect nicotinamide adenine dinucleotide
hydride to oxygen.

Physiology of Absorption, Metabolism, and Excretion
Absorption
The iron content of the body is highly conserved. In the absence
of bleeding (including menstruation) or pregnancy, only a small
quantity is lost each day (Bothwell et al., 1979). Adult men need to
absorb only about 1 mg/day to maintain iron balance. The average
requirement for menstruating women is somewhat higher, approximately 1.5 mg/day. There is, however, a marked interindividual
variation in menstrual losses, and a small proportion of women must
absorb as much as 3.4 mg/day. Towards the end of pregnancy, the
absorption of 4 to 5 mg/day is necessary to preserve iron balance.
Requirements are also higher in childhood, particularly during
periods of rapid growth in early childhood (6 to 24 months), and
adolescence.
In the face of these varying requirements, iron balance is maintained by the regulation of absorption in the upper small intestine
(Bothwell et al., 1979). There are two pathways for the absorption
of iron in humans. One mediates the uptake of the small quantity
of heme iron derived primarily from hemoglobin and myoglobin in
meat. The other allows for the absorption of nonheme iron, primarily as iron salts, that can be extracted from plant and dairy foods
and rendered soluble in the lumen of the stomach and duodenum.
Absorption of nonheme iron is enhanced by substances, such as
ascorbic acid, that form low molecular weight iron chelates. Most of
the iron consumed by humans is in the latter nonheme form.
Heme iron is highly bioavailable and little affected by dietary factors. Nonheme iron absorption depends on the solubilization of
predominately ferric food iron in the acid milieu of the stomach
(Raja et al., 1987; Wollenberg and Rummel, 1987) and reduction to
the ferrous form by compounds such as ascorbic acid or a ferrireductase present at the musosal surfaces of cells in the duodenum
(Han et al., 1995; Raja et al., 1993). This bioavailable iron is then
absorbed in a three-step process in which the iron is taken up by the
enterocytes across the cellular apical membrane by an energy-
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dependent, carrier-mediated process (Muir and Hopfer, 1985;
Simpson et al., 1986), transported intracellularly, and transferred
across the basolateral membrane into the plasma.
The duodenal mucosal cells involved in iron absorption are
formed in the crypts of Lieberkuhn. They then migrate up the villi
becoming functional iron-absorbing cells only when they reach the
tips of the villi. After a brief period of functionality, the cells are
shed into the lumen together with iron that had entered the cell
but had not been transferred to the plasma. In humans, mucosal
cell turnover takes between 48 and 72 hours. Cells are programmed
to regulate iron absorption when they reach tips of the villi by the
amount of iron that they acquire from plasma during their early
development. Recent studies by Cannone-Hergaux and coworkers
(1999) strongly suggest that a metal transporter (divalent metal
transporter [DMT-1] protein), which is a transmembrane protein
and an isoform of natural resistance associated macrophage protein
(NRAMP2), mediates the uptake of elemental iron into the
duodenal cells. The quantity of this transport protein that is formed
is inversely proportional to the iron content of the cell; synthesis is
regulated by posttranscriptional modification of the DMT-1 messenger ribonucleic acid (mRNA) (Conrad and Umbreit, 2000). The
regulatory mechanism involves the cellular iron response proteins
(IRP) and the iron response element (IRE) on the mRNA
(Eisenstein, 2000).
The mechanism by which iron is transported through the enterocyte has not been completely elucidated. Absorbed iron in the intracellular “labile iron pool” is delivered to the basolateral surface of
enterocytes, becomes available for binding onto transferrin, and is
then transported via transferrin in the plasma to all body cells.
Ceruloplasmin, a copper-containing protein, facilitates the binding
of ferric iron to transferrin via ferroxidase activity at the basolateral
membrane (Osaki et al., 1966; Wollenberg et al., 1990).
Heme is soluble in an alkaline environment and is less affected by
intraluminal factors that influence nonheme iron uptake. Specific
transporters exist for heme on the surface of rat enterocytes (Conrad
et al., 1967; Grasbeck et al., 1982); however, rats do not absorb
heme iron as efficiently as do humans (Weintraub et al., 1965). To
date, no specific receptor/transporter for heme has been identified
in humans. After binding to its receptor, the heme molecule is
internalized and degraded to iron, carbon monoxide, and bilirubin
IXa by the enzyme heme oxygenase (Bjorn-Rasmussen et al., 1974;
Raffin et al., 1974). This enzyme is induced by iron deficiency
(Raffin et al., 1974). It is thought that the iron that is liberated from
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heme enters the common intracellular (enterocyte) pool of iron
before being transported to plasma transferrin.

Transport and Metabolism
Iron movement between cells is primarily conducted via reversible binding of iron to the transport protein, transferrin. One atom
of iron can bind to each of two binding sites on transferrin and will
then complex with a highly specific transferrin receptor (TfR)
located on the plasma membrane surfaces of cells. Internalization
of transferrin in clathrin-coated pits results in an endosomal vesicle
where acidification to a pH of approximately 5.5 results in the release of the iron from transferrin. The movement of iron from this
endosomal space to the cytoplasm is not completely understood at
this time, but recent discoveries provide some clues. DMT1
(NRAMP2) has now been identified in endosomal vesicles (Gunshin
et al., 1997). Although it is not a specific iron transporter and
although it is capable of transporting other divalent metals, recent
studies suggest that it may play a primary role in the delivery of iron
to the cell. A second transporter, stimulator of iron transport (SFT),
has been cloned and characterized as an exclusive iron transporter
of both ferric and ferrous iron out of the endosome (Gutierrez et
al., 1997).
Iron entering cells may be incorporated into functional compounds, stored as ferritin, or used to regulate future cellular iron
metabolism by modifying the activity of the two IRPs. The size of
the intracellular iron pool plays a clear regulatory role in the synthesis of iron storage, iron transport, and iron metabolism proteins
through an elegant posttranscriptional set of events (see review by
Eisenstein and Blemings, 1998).

Storage
Intracellular iron availability is regulated by the increased expression of cellular TfR concentration by iron-deficient cells and
increased ferritin production when the iron supply exceeds the
cell’s functional needs. Iron is stored in the form of ferritin or
hemosiderin. The latter is a water-insoluble degradation product of
ferritin. The iron content of hemosiderin is variable but generally
higher than that of ferritin. While all cells are capable of storing
iron, the cells of the liver, spleen, and bone marrow are the primary
iron storage sites in humans.
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Excretion
In the absence of bleeding (including menstruation) or pregnancy, only a small quantity of iron is lost each day (Bothwell et al.,
1979). Body iron is therefore highly conserved. Daily basal iron
losses are limited to between 0.90 and 1.02 mg/day in nonmenstruating women (Green et al., 1968). The majority of absorbed iron is
lost in the feces. Daily iron losses from urine, gastrointestinal tract,
and skin are approximately 0.08, 0.6, and 0.2 to 0.3 mg/day, respectively. These basal losses may drop to 0.5 mg/day in iron deficiency
and may be as high as 2 mg/day in iron overload (Bothwell et al.,
1979). Menstrual iron losses are quite variable. Studies on Swedish
and British women demonstrated a mean iron loss via menses of 0.6
to 0.7 mg/day (Hallberg et al., 1966b).

Clinical Effects of Inadequate Intake
Important subclinical and clinical consequences of iron deficiency
are impaired physical work performance, developmental delay, cognitive impairment, and adverse pregnancy outcomes. Several other
clinical consequences have also been described. The bulk of experimental and epidemiological evidence in humans suggests that functional consequences of iron deficiency (related both to anemia and
tissue iron concentration) occur only when iron deficiency is of a
severity sufficient to cause a measurable decrease in hemoglobin
concentration.
Once the degree of iron deficiency is sufficiently severe to cause
anemia, functional disabilities become evident. It is difficult to determine whether any particular functional abnormality is a specific
consequence of the anemia per se, presumably due to impaired
oxygen delivery, or the result of concomitant tissue iron deficiency.
However, it has been shown that anemia and tissue iron deficiency
exert independent effects on skeletal muscle (Davies et al., 1984;
Finch et al., 1976). Anemia primarily affects maximal oxygen consumption. Endurance exercise is markedly impaired by intracellular
iron deficiency in the muscle cells (Willis et al., 1988). From a practical point of view, the distinction may be relatively unimportant
since anemia and tissue iron deficiency develop simultaneously in
humans who suffer from nutritional iron deficiency.

Work Performance
Various factors may contribute to impaired work performance
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with iron deficiency. It has been shown that anemia and tissue iron
deficiency exert independent effects on the function of organs such
as skeletal muscle (Davies et al., 1984; Finch et al., 1976). Anemia
primarily affects maximal oxygen consumption. Mild anemia reduces performance during brief but intense exercise (Viteri and Torun,
1974) because of the impaired capacity of skeletal muscle for oxidative metabolism. Endurance exercise is more markedly impaired by
intracellular iron deficiency in skeletal muscle cells (Willis et al.,
1988).
In laboratory animals, the depletion of oxidative enzymes in skeletal muscle occurs more gradually than the development of anemia
(Dallman et al., 1982). The significant decrease in myoglobin and
other iron-containing proteins in skeletal muscle of laboratory animals
contributes significantly to the decline in muscle aerobic capacity in
iron-deficiency anemia and may be a more important factor contributing to the limitation in endurance capacity (Dallman, 1986a;
Siimes et al., 1980a).
One study used 31P nuclear magnetic resonance spectroscopy to
examine the functional state of bioenergetics in iron-deficient and
iron-replete rat gastrocnemius muscle at rest and during 10 seconds
of contraction (Thompson et al., 1993). Compared to controls,
muscle from iron-deficient animals had a marked increase in muscle
phosphocreatine breakdown and a decrease in pH and a slower
recovery of phosphocreatine and inorganic phosphate concentrations after exercise. During repletion for 2 to 7 days with iron
dextran, there was no substantial improvement in these indicators
of muscle mitochondrial energetics. These authors concluded that
“tissue factors” such as reduced mitochondrial enzyme activity, decreased number of mitochondria, and altered morphology of the
mitochondria might be responsible for impaired muscle function.

Cognitive Development and Intellectual Performance
Studies of iron deficiency anemia and behavior in the developing
human and in animal models suggest persistent functional changes.
Investigators have demonstrated lower mental and motor test scores
and behavioral alterations in infants with iron deficiency anemia
(Idjradinata and Pollitt, 1993; Lozoff et al., 1982a, 1982b, 1985,
1987, 1996; Nokes et al., 1998; Walter et al., 1989). In studies conducted in Guatemala and Costa Rica, infants with iron deficiency
anemia were rated as more wary and hesitant and maintained closer
proximity to caregivers (Lozoff et al., 1985, 1986).
Several studies have shown an improvement in either motor or
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cognitive development according to Bayley’s scale of mental development after iron treatment of iron-deficient infants (Idjradinata
and Pollitt, 1993; Lozoff et al., 1987; Oski et al., 1983; Walter et al.,
1983). Other studies have failed to show an improvement in either
motor or cognitive development scores after providing iron supplements to iron-deficient infants (Lozoff et al., 1982a, 1982b, 1987,
1996; Walter et al., 1989). Lower arithmetic and writing scores,
poorer motor functioning, and impaired cognitive processes (memory and selective recall) have been documented in children who
were anemic during infancy and were treated with iron (Lozoff et
al., 1991, 2000).
Specific central nervous system processes (e.g., slower nerve conduction and impaired memory) appear to remain despite correction of the iron deficiency anemia. There is a general lack of specificity of effect and of information about which brain regions are
adversely affected. Recent data from Chile showed a decreased
nerve conduction velocity in response to an auditory signal in formerly iron-deficient anemic children despite hematologic repletion
with oral iron therapy (Roncagliolo et al., 1998). This is strongly
suggestive evidence for decreased myelination of nerve fibers,
though other explanations could also exist.
Current thinking about the impact of early iron deficiency anemia attributes some role for “functional isolation,” a paradigm in
which the normal interaction between stimulation and learning
from the physical and social environment is altered (Pollitt et al.,
1993; Strupp and Levitsky, 1995).

Adverse Pregnancy Outcomes
Increased perinatal maternal mortality is associated with anemia
in women when the anemia is severe (hemoglobin < 40 g/L) (Allen,
1997, 2000; WHO, 1992; Williams and Wheby, 1992). However, even
moderate anemia (hemoglobin < 80 g/L) has been associated with
a two-fold risk of maternal death (Butler and Bonham, 1963). The
mechanisms associated with higher mortality of anemic women are
not well understood. Heart failure, hemorrhage, and infection have
been identified as possible causes (Fleming, 1968; Taylor et al.,
1982).
Several large epidemiological studies have demonstrated that maternal anemia is associated with premature delivery, low birth
weight, and increased perinatal infant mortality (see Table 9-1)
(Allen, 1997; Garn et al., 1981; Klebanoff et al., 1991; Lieberman et
al., 1988; Murphy et al., 1986; Williams and Wheby, 1992). Some of
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TABLE 9-1 Association of Anemia and Iron Deficiency with
Inadequate Weight Gain and Pregnancy Outcome
Anemiaa

Outcome

Total

Iron
Deficiency

Causes
Other Than
Iron
Deficiency
No Anemia

Low birth weight
Unadjusted, %b
AOR c
95% confidence interval

17.1
1.55
0.96–2.51

25.9
3.10
1.16–4.39

15.9
1.34
0.80–2.22

12.2
1.00
—

Preterm delivery
Unadjusted, %
AOR c
95% confidence interval

26.2
1.30
0.86–2.24

44.4
2.66
1.15–6.17

23.5
1.16
0.76–1.79

18.4
1.00
—

Small for gestational age
Unadjusted, %
AOR d
95% confidence interval

11.1
1.66
0.90–3.04

8.3
1.24
0.29–6.94

11.5
1.67
0.90–3.41

7.5
1.00
—

Inadequate weight gain
Unadjusted, %
AOR e
95% confidence interval

31.0
1.62
1.10–2.36

40.0
2.67
1.13–6.30

29.9
1.51
1.02–2.25

24.6
1.00
—

a Anemia is defined as a hemoglobin concentration < 110 g/L (first trimester), < 105 g/

L (second trimester), < 110 g/L (third trimester), and a serum ferritin concentration
< 12 µg/L (CDC, 1989; IOM, 1990).
b Percent of anemic women at entry into study.
c AOR = adjusted odds ratio. Adjusted for maternal age, parity, ethnicity, prior lowbirth-weight or preterm delivery, bleeding at entry into study, gestation at initial blood
draw taken at entry into study, number of cigarettes smoked per day, and prepregnancy
body mass index.
d Adjusted for maternal age, parity, prior low-birth-weight delivery, bleeding at entry
into study, gestation at initial blood draw taken at entry into study, number of cigarettes
smoked per day, and prepregnancy body mass index.
e Adjusted for maternal age, parity, ethnicity, bleeding at entry into study, gestation at
initial blood draw (entry), and prepregnancy body mass index.
SOURCE: Scholl et al. (1992).
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these studies have been criticized because maternal hemoglobin
concentration was measured only at the time of delivery. Physiological factors cause the maternal hemoglobin concentration to rise
shortly before delivery. Delivery, occurring early because of known
or unknown factors unrelated to anemia, could therefore be expected to show an association with a lower hemoglobin concentration even though anemia played no causal role. Other surveys have
shown the association to be present even when hemoglobin concentration was measured earlier in pregnancy. In one recent prospective study, only anemia resulting from iron deficiency was associated
with premature labor (Scholl et al., 1992). Furthermore, Goepel
and coworkers (1988) reported that premature labor was four times
more frequent in women with serum ferritin concentrations below
20 µg/L than in those with higher ferritin concentrations, irrespective of hemoglobin concentration.
High hemoglobin concentrations at the time of delivery are also
associated with adverse pregnancy outcomes, such as the newborn
infant being small for gestational age (Yip, 2000). Therefore, there
is a U-shaped relationship between hemoglobin concentration and
prematurity, low birth weight, and fetal death, the risk being increased for hemoglobin concentration below 90 g/L or above 130
g/L. The etiological factors are different, however, at each end of
the spectrum. Iron deficiency appears to play a causal role in the
presence of significant anemia by limiting the expansion of the
maternal erythrocyte cell mass. On the other hand, elevated hemoglobin concentration probably reflects a decreased plasma volume
associated with maternal hypertension and eclampsia. Both of the
latter conditions have an increased risk of poor fetal outcome
(Allen, 1993; Hallberg, 1992; Williams and Wheby, 1992).
Fetal requirements for iron appear to be met at the expense of
the mother’s needs, but the iron supply to the fetus may still be
suboptimal. Several studies suggest that severe maternal anemia is
associated with lower iron stores in infants evaluated either at the
time of delivery by measuring cord blood ferritin concentration or
later in infancy. The effect of maternal iron deficiency on infant
status has been reviewed extensively by Allen (1997).
While the observations relating iron status of the mother to the
size of stores in infants (based on serum ferritin concentration) are
important, it should be noted that the total iron endowment in a
newborn infant is directly proportional to birth weight (Widdowson
and Spray, 1951). Maternal iron deficiency anemia may therefore
limit the infant’s iron endowment specifically through an association with premature delivery and low birth weight. Preziosi and
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coworkers (1997) evaluated the effect of iron supplementation during pregnancy on iron status in newborn babies born to women
living in Niger. The prevalence of maternal anemia was 65 to 70
percent at 6 months gestation. The iron status of the infants was
also evaluated at 3 and 6 months of age. Although there were no
differences between the supplemented and unsupplemented women
in cord blood iron indexes at both 3 and 6 months of age, the
children born to iron-supplemented women had significantly higher
serum ferritin concentrations. Furthermore, it was reported that
Apgar scores were significantly higher in infants born to supplemented mothers. There were a total of eight fetal or neonatal
deaths, seven in the unsupplemented group.

Other Consequences of Iron Deficiency
With use of in vitro tests and animal models, iron deficiency is
associated with impaired host defense mechanisms against infection such as cell-mediated immunity and phagocytosis (Cook and
Lynch, 1986). The clinical relevance of these findings is uncertain
although iron deficiency may be a predisposing factor for chronic
mucocutaneous candidiasis (Higgs, 1973). Iron deficiency is also
associated with abnormalities of the mucosa of the mouth and gastrointestinal tract leading to angular stomatitis, glossitis, esophageal
webs, and chronic gastritis (Jacobs, 1971). Spoon-shaped fingernails
(koilonychia) may be present (Hogan and Jones, 1970). The eating
of nonfood material (pica) or a craving for ice (pagophagia) are
also associated with iron deficiency (Ansell and Wheby, 1972).
Finally, temperature regulation may be abnormal in iron deficiency
anemia (Brigham and Beard, 1996).

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR IRON

Functional Indicators
The most important functional indicators of iron deficiency are
reduced physical work capacity, delayed psychomotor development
in infants, impaired cognitive function, and adverse effects for both
the mother and the fetus as discussed above. As indicated earlier,
these adverse consequences of iron deficiency are associated with a
degree of iron deficiency sufficient to cause measurable anemia.
A specific functional indicator, such as dark adaptation for vitamin A (see Chapter 4), is used to estimate the average requirement
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for some nutrients. This is done by evaluating the effect on that
functional indicator in a group of experimental subjects fed diets
containing graded quantities of the nutrient. The effect of different
levels of iron intake on the important functional indicators identified above can not be measured in this way because of the difficulty
inherent in quantifying abnormalities in these functional indicators, as well as the complexity of the regulation of iron absorption.

Biochemical Indicators
A series of laboratory indicators can be used to characterize iron
status precisely and to categorize the severity of iron deficiency.
Three levels of iron deficiency are customarily identified:
• depleted iron stores, but where there appears to be no limitation in the supply of iron to the functional compartment;
• early functional iron deficiency (iron-deficient erythropoiesis)
where the supply of iron to the functional compartment is suboptimal but not reduced sufficiently to cause measurable anemia;
and
• iron deficiency anemia, where there is a measurable deficit in
the most accessible functional compartment, the erythrocyte.
Available laboratory tests can be used in combination to identify
the evolution of iron deficiency through these three stages (Table
9-2).

Storage Iron Depletion
Serum Ferritin Concentration. Cellular iron that is not immediately
needed for functional compounds is stored in the form of ferritin.
Small quantities of ferritin also circulate in the blood. The concentration of plasma and serum ferritin is proportional to the size of
body iron stores in healthy individuals and those with early iron
deficiency. In an adult, each 1 µg/L of serum ferritin indicates the
presence of about 8 mg of storage iron (Bothwell et al., 1979). A
similar relationship is present in children in that each 1 µg/L of
serum ferritin is indicative of an iron store of about 0.14 mg/kg
(Finch and Huebers, 1982). When the serum ferritin concentration
falls below 12 µg/L, the iron stores are totally depleted.
Based on the Third National Health and Examination Survey
(NHANES III), for adults living in the United States the median
serum ferritin concentrations were 36 to 40 µg/L in menstruating
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TABLE 9-2 Laboratory Measurements Commonly Used in the
Evaluation of Iron Status
Stage of
Iron Deficiency

Indicator

Diagnostic Range

Depleted stores

Stainable bone marrow iron
Total iron binding capacity
Serum ferritin concentration

Absent
> 400 µg/dL
< 12 µg/L

Early functional
iron deficiency

Transferrin saturation
Free erythrocyte protoporphyrin
Serum transferrin receptor

< 16%
> 70 µg/dL erythrocyte
> 8.5 mg/L

Iron deficiency
anemia

Hemoglobin concentration

< 130 g/(male)
< 120 g/L (female)
< 80 fL

Mean cell volume
SOURCE: Ferguson et al. (1992); INACG (1985).

women and 112 to 156 µg/L in men (Appendix Table G-3). The
median serum ferritin concentration was 27 µg/L for adolescent
girls and 28 µg/L for pregnant women. These concentrations exceed the cut-off concentration of less than 12 µg/L for adolescent
girls and pregnant women (IOM, 1990; Table 9-2).
However, direct correlation between the estimation of iron intakes and iron status is low (Appendix Table H-5). Serum ferritin
concentrations are known to be affected by factors other than the
size of iron stores. Concentrations are increased in the presence of
infections, inflammatory disorders, cancers, and liver disease because
ferritin is an acute phase protein (Valberg, 1980). Thus, serum
ferritin concentration may fall within the normal range in individuals
who have no iron stores. Elevated serum ferritin concentrations are
also associated with increased ethanol consumption (Leggett et al.,
1990; Osler et al., 1998), increasing body mass index (Appendix
Table H-3), and elevated plasma glucose concentration (Appendix
Table H-4) (Tuomainen et al., 1997). Dinneen and coworkers
(1992) reported high serum ferritin concentration in association
with newly diagnosed diabetes mellitus. Analysis of the NHANES III
database demonstrated a statistically significant direct correlation
between body mass index and serum ferritin concentration in nonHispanic white men over the age of 20 years, non-Hispanic black
men and women aged 20 to 49 years, Mexican-American men aged
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20 to 49 years, and Mexican-American women over the age of 50
years (Appendix Table H-3). An examination of the NHANES III
database also showed that individuals in the highest quartile for
plasma glucose concentration had higher serum ferritin concentrations than those in the lowest quartile for all gender and age groups
(Appendix Table H-4). Similar findings were reported by Ford and
Cogswell (1999). For these reasons and because of the variability in
consumption of promoters and inhibitors of iron absorption, iron
intake does not necessarily correlate with ferritin status.
Despite the influence of various unrelated factors on serum
ferritin concentration, this indicator is the most sensitive indicator
of the amount of iron in the storage compartment.
Total Iron-Binding Capacity. Iron is transported in the plasma and
extracellular fluid bound to transferrin. This metalloprotein has a
very high affinity for iron. Virtually all plasma iron is bound to transferrin. Therefore it is convenient to measure plasma transferrin concentration indirectly by quantifying the total iron-binding capacity
(TIBC), which is the total quantity of iron bound to transferrin
after the addition of exogenous iron to plasma. TIBC is elevated
with storage iron depletion before there is evidence of inadequate
delivery of iron to erythropoetic tissue. An increased TIBC (> 400
µg/dL) is therefore indicative of storage iron depletion. It is less
precise than the serum ferritin concentration. About 30 to 40 percent of individuals with iron deficiency anemia have TIBCs that are
not elevated (Ravel, 1989). TIBC is reduced in infectious, inflammatory, or neoplastic disorders (Konijn, 1994).

Early Iron Deficiency
Early iron deficiency is signaled by evidence indicating that the
iron supply to the bone marrow and other tissues is only marginally
adequate. A measurable decrease in the hemoglobin concentration
is not yet present and therefore there is no anemia.
Serum Transferrin Saturation. As the iron supply decreases, the
serum iron concentration falls and the saturation of transferrin is
decreased. Levels below 16 percent saturation indicate that the rate
of delivery of iron is insufficient to maintain the normal rate of
hemoglobin synthesis. Low saturation levels are not specific for iron
deficiency and are encountered in other conditions such as anemia
of chronic disease (Cook, 1999), which is associated with impaired
release of iron from stores.
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The median serum transferrin saturation was 26 to 30 percent for
men and 21 to 24 percent for women (Appendix Table G-2). The
median serum transferrin saturation was 21 percent for pregnant
women and 22 percent for adolescent girls. These values exceed
the cut-off value of 16 percent (Table 9-2).
Erythrocyte Protoporphyrin Concentration. Heme is formed in developing erythrocytes by the incorporation of iron into protoporphyrin IX by ferrochetalase. If there is insufficient iron for optimal
hemoglobin synthesis, erythrocytes accumulate an excess of protoporphyrin, which remains in the cells for the duration of their
lifespans (Cook, 1999). An increased erythrocyte protoporphyrin
concentration in the blood therefore indicates that the erythrocytes
matured at a time when the iron supply was suboptimal. The cut off
concentration for erythrocyte protoporphyrin concentration is
greater than 70 µg/dL of erythrocytes. Erythrocyte protoporphyrin
concentration is again not specific for iron deficiency and is also
associated with inadequate iron delivery to developing erythrocytes
(e.g., anemia of chronic disease) or impaired heme synthesis (e.g.,
lead poisoning). In iron deficiency, zinc can be incorporated into
protoporphyrin IX, resulting in the formation of zinc protoporphyrin
(Braun, 1999). The zinc protoporphyrin:heme ratio is used as an
indicator of impaired heme synthesis and is sensitive to an insufficient iron delivery to the erythrocyte (Braun, 1999).
Soluble Serum Transferrin Receptor Concentration. The surfaces of all
cells express transferrin receptors in proportion to their requirement for iron. A truncated form of the extracellular component of
the transferrin receptor is produced by proteolytic cleavage and
released into the plasma in direct proportion to the number of
receptors expressed on the surfaces of body tissues. As functional
iron depletion occurs, more transferrin receptors appear on cell
surfaces. The concentration of proteolytically cleaved extracellular
domains, or soluble serum transferrin receptors (sTfR), rises in parallel. The magnitude of the increase is proportional to the functional iron deficit. The sTfR concentration appears to be a specific and
sensitive indicator of early iron deficiency (Akesson et al., 1998;
Cook et al., 1990). Furthermore, sTfR concentration is not affected
by infectious, inflammatory, and neoplastic disorders (Ferguson et
al., 1992). Because commercial assays for sTfR have become available only recently, there is a lack of data relating iron intake to sTfR
concentration, as well as relating sTfR concentration to functional
outcomes. This indicator may prove to be very useful in identifying
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iron deficiency, especially in patients who have concurrent infections or other inflammatory disorders.

Iron Deficiency Anemia
Anemia is the most easily identifiable indicator of functional iron
deficiency. As discussed above, physiological impairment occurs at
this stage of iron deficiency both because of inadequate oxygen
delivery during exercise and because of abnormal enzyme function
in tissues.
Hemoglobin Concentration and Hematocrit. The hemoglobin concentration or hematocrit is neither a sensitive nor a specific indicator
of mild yet functionally significant iron deficiency anemia. Iron deficiency anemia is microcytic (reduced mean erythrocyte volume
and mean erythrocyte hemoglobin). However, microcytic anemia is
characteristic of all anemias in which the primary abnormality is
impaired hemoglobin synthesis. Iron deficiency is only one of the
potential causal factors. The diagnosis of iron deficiency anemia,
based solely on the presence of anemia, can result in misdiagnosis
in many cases.
Garby and coworkers (1969) recognized this fundamental problem. After supplemental iron tablets (60 mg/day) or a placebo were
provided to a group of women with mild anemia for 3 months, the
women were characterized as having iron deficiency anemia based
on a change in hemoglobin concentration in response to the iron
supplement that was greater than that which occurred with the
placebo. There was a significant overlap between the distribution
curves for the initial hemoglobin concentration of the responders
(iron deficiency anemia) and the nonresponders (no iron deficiency
anemia). A single hemoglobin concentration used as a discriminant
value for detecting iron deficiency anemia therefore lacks precision.
Based on NHANES III data (Appendix Table G-1), the median
hemoglobin concentration for men was 144 to 154 g/L and 132 to
135 g/L for women. The median hemoglobin concentration was
132 g/L for adolescent girls and 121 g/L for pregnant women. The
hemoglobin concentration for pregnant women approaches the cutoff concentration of 120 g/L (IOM, 1990).
Erythrocyte Indexes. Iron deficiency leads to the formation of small
erythrocytes. Mean corpuscular hemoglobin (MCH) is the amount
of hemoglobin in erythrocytes. The mean corpuscular volume
(MCV) is the volume of the average erythrocyte. Both MCH and
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MCV are reduced in iron deficiency, but their values are not specific
for it. They occur in all conditions that cause impaired hemoglobin
synthesis, particularly the thalassemias (Chalevelakis et al., 1984).

Surrogate Laboratory Indicators
As discussed earlier, functional abnormalities occur only when
iron deficiency is sufficiently severe to cause measurable anemia.
Low iron storage does not appear to have functional consequences
in most studies. This does not imply that all functional consequences
of iron deficiency are mediated by anemia, but rather that cellular
enzymes that require iron become depleted in concert with the
development of anemia. There is extensive experimental evidence
indicating that tissue iron depletion has significant physiological
consequences that are independent of the consequences of anemia
(Willis et al., 1988).
Early anemia could nevertheless be chosen as the surrogate functional indicator. However, the significant overlap between the ironsufficient and the iron-deficient segments of a population limit the
sensitivity of this indicator. The precision of the laboratory diagnosis
of iron deficiency anemia can be improved by combining hemoglobin measurements with one or more indicators of iron status. The
Expert Scientific Working Group (1985) described two models or
conceptual frameworks. The ferritin model employs a combination
of serum ferritin concentration, erythrocyte protoporphyrin concentration, and transferrin saturation. The presence of two or more
abnormal indicators of iron status is indicative of iron deficiency.
The MCV model uses MCV, transferrin saturation, and erythrocyte
protoporphyrin concentration as indicators. Once again, when two
or more indicators are abnormal, this is indicative of iron deficiency.
The two models give similar results and improve the specificity of
the hemoglobin concentration or hematocrit as an indicator of iron
deficiency anemia. They were considered as potential surrogate laboratory indicators of functional iron deficiency for use in estimating
requirements, but rejected because they were felt to lack sufficient
sensitivity to provide an adequate margin of safety in calculating
iron requirements.
The sTfR concentration may, in the future, prove to be a sensitive,
reliable, and precise indicator of early functional iron deficiency. At
present, however, there are insufficient dose-response data to recommend this indicator.
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Methods Considered in Estimating the Average Requirement
In light of the rationale developed in the previous section, the
calculation of the Estimated Average Requirement (EAR) is based
on the need to maintain a normal, functional iron concentration,
but only a minimal store (serum ferritin concentration of 15 µg/L)
(IOM, 1993). Two methods of calculation were considered—factorial modeling and iron balance.

Factorial Modeling
Because the distribution of iron requirements is skewed, the
simple addition of the components of iron requirement (losses and
accretion) cannot be done. Instead, the physiological requirement
for absorbed iron can be calculated by factorial modeling of each of
the components of iron requirement (basal losses, menstrual losses,
and accretion). Total need for absorbed iron can be estimated
through the summation of the component needs (losses and accretion) (see Chapter 1, “Method for Setting the RDA when Nutrient
Requirements Are Not Normally Distributed”). Information about
the distribution of values for the components of iron requirement,
such as hemoglobin accretion, are modeled on the basis of known
physiology. Since the distributions of some components are not normally distributed (i.e., are skewed), simple addition is inappropriate.
In this case, Monte Carlo simulation is used to generate a large
theoretical population with the characteristics described by the component distributions. When the final distribution representing the
convolution of components has been derived, then the median percentile of the distribution can be used directly to estimate the average requirement for absorbed iron and the ninety-seven and onehalf percentile can be used for determining the Recommended
Dietary Allowance (RDA). The EAR and RDA are then determined
from this data set by dividing by the upper limit of iron absorption.
Basal Losses. Basal losses refer to the obligatory loss of iron in the
feces, urine, and sweat and from the exfoliation of skin cells.
Attempts to quantify these iron losses by measuring the amount of
each of individual component have yielded highly variable results
because of the technical difficulties encountered in distinguishing
between the small quantities of iron lost from the body and contaminant iron in the samples collected. The only reliable quantitative
data for basal iron losses in humans are derived from a single study
(Green et al., 1968). However, a study by Bothwell and coworkers
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(1979) on iron absorption derived from radioiron absorption tests
provides collateral support for the accuracy of the measurements
made by Green and coworkers (1968).
The observations made by Green and coworkers (1968) were
based on earlier experimental data demonstrating that all body iron
compartments are in a constant state of flux and that uniform labeling of all body iron could be achieved several months after the
injection of a long-lived radiolabelled iron (55Fe, half life 2.6 years).
After uniform labeling is achieved, the change in specific activity of
a readily accessible iron compartment (circulating hemoglobin)
could be used to calculate the physiological rate of iron loss, provided
that iron balance is maintained during the period of observation.
They also measured individual compartmental losses from skin and
in sweat, urine, and feces separately in other volunteers. Results
obtained by summing compartmental losses were similar to the
whole body excretion studies. They reported an average calculated
daily iron loss of 0.9 to 1.0 mg/day (≈14 µg/kg) in three groups of
men with normal iron storage status who lived in South Africa, the
United States, and Venezuela (Table 9-3). While there is a need for
more information associating body weight with basal iron losses,
subsequent analyses of the data from South Africa (R. Green, University of Witwatersrand, Johannesburg, South Africa, personal communication, 2000) showed that within the substudy groups, body
weight was an important explanatory variable for basal iron loss; the
other very important variable was magnitude of iron stores.

TABLE 9-3 Total Body Iron Losses in Adults
Study Site

Ethnic Group

n

Body Weight
kg (SD)a

Estimated Loss
mg/day (SD)

Washington State
Venezuela
Durban (S. Africa)
Total (non-Bantu)b

Caucasian
Mestizo
Indian

12
12
17
41

78.6
67.6
62.3
68.6

0.98
0.90
1.02
0.96

Johannesburg (S. Africa)
Durban (S. Africa)

Bantu
Bantu

10
9

79.0 (6.9)
69.9 (7.5)

(5.9)
(8.3)
(9.2)
(8.1)

(0.30)
(0.31)
(0.22)
(0.27)

2.42 (1.09)
2.01 (0.94)

a SD = standard deviation.
b Bantu not included. They were selected on the basis of phenotypic iron overload.

SOURCE: Green et al. (1968).
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Menstrual Losses. Additional iron is lost from the body as a result of
menstruation in fertile women. Menstrual iron losses have been
estimated in a number of studies (Beaton, 1974) (see review by
Hefnawi and Yacout, 1978) and in three large community surveys
conducted in Sweden (Hallberg et al., 1966b), England (Cole et al.,
1971), and Egypt (Hefnawi et al., 1980). There was a reasonable
degree of consistency between the different studies. The median
blood volume lost per period reported in the three largest studies
was 20.3 mL (Egypt), 26.5 mL (England), and 30.0 mL (Sweden).
Losses greater than 80 mL were reported in less than 10 percent of
women.
Accretion. The requirement for pregnancy and for growth in children and adolescents can also be estimated from known changes in
blood volume, fetal and placental iron concentration, and the increase in total body erythrocyte mass.

Balance Studies
Chemical balance is the classical method for measuring nutrient
requirements through the estimation of daily intake and losses.
While this direct approach is conceptually appealing, its use in measuring iron requirements presents several major technical obstacles
(Hegsted, 1975). For instance, it is difficult to achieve a steady state
with nutrients such as iron that are highly conserved in the body.
Because the fraction of the dietary intake that is absorbed (and
excreted) is very limited, even small errors in the recovery of unabsorbed food iron in the feces invalidate the results.
Thirteen adult balance studies were evaluated (Table 9-4). All of
these studies yielded values that exceed the daily iron loss calculated on the basis of the disappearance of a long-lived iron radioisotope after uniform labeling of body iron (Green et al., 1968).
One might therefore conclude that all of the subjects were in positive balance during the period of observation. Moreover, the magnitude of estimated positive balance in most cases predicted the
relatively rapid accumulation of body iron. Neither of these conclusions is compatible with numerous other experimental observations.
Therefore, balance studies were not considered in estimating an
average requirement.
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TABLE 9-4 Iron Balance Studies in Adults
Average Iron
Intake (mg/d)

Average Balance
Data (mg/d)

Reference

Study Group

Duration

Kelsay et al.,
1979

12 men,
37–58 y

26 d

21.8 (low fiber)
26.4 (high fiber)

3.8
4.6

Johnson
et al., 1982

8 men,
21–28 y

40 d

18.8

1.8–2.3

Snedeker
et al.,1982

9 men, 24 y

12 d

17.4

0.56

Andersson
et al., 1983

5 men and
1 woman,
25–55 y

24 d

14.9 (white bread)
14.2 (brown bread)
14.1 (whole meal)

1.73
0.7
1.56

Mahalko
et al., 1983

27 men,
19–64 y

28 d

15.52
16.31

3.42
5.34

Van Dokkum
et al., 1983

10 men, 23 y

20 d

14.4 (high fat)
14.8 (low fat)

3.0
3.0

Behall et al.,
1987

11 men,
23–62 y

4 wk

16.6

2.5

Hallfrisch
et al., 1987

20 men,
23–56 y
19 women,
21–48 y

1 wk
18.93
duplicate 11.83
food
record

Holbrook
et al., 1989

19 men,
21–57 y

7 wk

14.8–16.3

Hunt et al.,
1990

11 women,
22–36 y

5.5 wk

16.3
13.7

6.3
3.9

Turnlund
et al., 1991

8 women,
21–30 y

41–21 d

11.5–12.8
(animal protein)
20–23
(plant protein)

2.9

3.01
0.13

–0.9–2.3

3.7–4.4

Ivaturi and
Kies, 1992

24 men and
women

14 d

10.59
10.59 (sucrose)
10.59 (fructose)
10.1
11.3 (sucrose)
11.3 (fructose)

0.524
0.677
–1.715
1.02
0.62
0.79

Coudray
et al., 1997

9 men, 21 y

28 d

11.6 (control)
11.5 (inulin)
12.3 (beet fiber)

2.52
1.77
2.21
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FACTORS AFFECTING THE IRON REQUIREMENT
The proportion of dietary iron absorbed is determined by the
iron requirement of the individual. Absorption is regulated by the
size of the body iron store in healthy humans (percentage absorption is inversely proportional to serum ferritin concentration)
(Cook et al., 1974). There is a several-fold difference in absorption
from a meal between an individual who is iron deficient and someone with sizeable iron stores. The calculation of dietary requirements must be based on the maintenance of a well-defined iron
status. This has been accomplished by setting the need for the maintenance of a minimal iron store (serum ferritin concentration cutoff of 15 µg/L) as the surrogate indicator of functional adequacy.
The other major factor to take into account when computing
dietary iron requirements is iron bioavailability based on the composition of the diet. Iron is present in food as either part of heme,
as found in meat, poultry, and fish, or as nonheme iron, present in
various forms in all foods. As previously discussed, the absorption
mechanisms are different. Heme iron is always well absorbed and is
only slightly influenced by dietary factors. The absorption of nonheme iron is strongly influenced by its solubility and interaction
with other meal components in the lumen of the upper small intestine.

Gastric Acidity
Decreased stomach acidity, due to overconsumption of antacids, ingestion of alkaline clay, or pathologic conditions such as achlorhydria
or partial gastrectomy, may lead to impaired iron absorption (Conrad,
1968; Kelly et al., 1967).

Nutrient-Nutrient Interactions: Enhancers of Nonheme Iron
Absorption
Ascorbic Acid. Ascorbic acid strongly enhances the absorption of
nonheme iron. In the presence of ascorbic acid, dietary ferric iron
is reduced to ferrous iron which forms a soluble iron-ascorbic acid
complex in the stomach. Allen and Ahluwalia (1997) reviewed various studies in which ascorbic acid was added to meals consisting of
maize, wheat, and rice. They concluded that iron absorption from
meals is increased approximately two-fold when 25 mg of ascorbic
acid is added and as much as three- to six-fold when 50 mg is added.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

312

DIETARY REFERENCE INTAKES

There appears to be a linear relation between ascorbic acid intake
and iron absorption up to at least 100 mg of ascorbic acid per meal.
Because ascorbic acid improves iron absorption through the release of nonheme iron bound to inhibitors, the enhanced absorption effect is most marked when consumed with foods containing
high levels of inhibitors, including phytate and tannins. Ascorbic
acid has been shown to improve iron absorption from infant weaning foods by two- to six-fold (Derman et al., 1980; Fairweather-Tait
et al., 1995a).
Other Organic Acids. Other organic acids including citric acid, lactic
acid, and malic acid have not been studied as thoroughly as ascorbic
acid, but they also have some enhancing effects on nonheme iron
absorption (Gillooly et al., 1983).
Animal Tissues. Meat, fish, and poultry improve iron nutrition both
by providing highly bioavailable heme iron and by enhancing nonheme iron absorption. The mechanism of this enhancing effect on
nonheme iron absorption is poorly described though it is likely to
involve low molecular weight peptides that are released during
digestion (Taylor et al., 1986).

Nutrient:Nutrient Interactions: Inhibitors of Nonheme Iron
Absorption
Phytate. Phytic acid (inositol hexaphosphate) is present in legumes,
rice, and grains. The inhibition of iron absorption from added iron
is related to the level of phytate in a food (Brune et al., 1992; Cook
et al., 1997). The absorption of iron was shown to increase four- to
five-fold when the phytic acid concentration was reduced from 4.9
to 8.4 mg/g, to less than 0.1 mg/g in soy protein isolate (Hurrell et
al., 1992). Genetically modified, low-phytic acid strains of maize have
been developed. Iron absorption with consumption of low-phytic
acid strains was 49 percent greater than with consumption of wild
type strains of maize (Mendoza et al., 1998). Still, the overall availability of iron remained quite low and generally under 8 percent,
even for subjects with marginal iron status. The absorption of iron
from legumes such as soybeans, black beans, lentils, mung beans,
and split peas has been shown to be very low (0.84 to 1.91 percent)
and similar to each other (Lynch et al., 1984). Because phytate and
iron are concentrated in the aleurone layer and germ of grains,
milling to white flour and white rice reduces the content of phytate
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and iron (Harland and Oberleas, 1987), thereby increasing the bioavailability of the remaining iron (Sandberg, 1991).
Polyphenols. Polyphenols markedly inhibit the absorption of nonheme iron. This was first recognized when tea consumption was
shown to inhibit iron absorption (Disler et al., 1975). Iron binds to
tannic acid in the intestinal lumen forming an insoluble complex
that results in impaired absorption. The inhibitory effects of tannic
acid are dose-dependent and reduced by the addition of ascorbic
acid (Siegenberg et al., 1991; Tuntawiroon et al., 1991). The response to iron supplementation was shown to be significantly greater
for Guatemalan toddlers who did not consume coffee (which contains tannic acid) than for those who did (Dewey et al., 1997).
Polyphenols are also found in many grain products, other foods,
herbs such as oregano, and red wine (Gillooly et al., 1984).
Vegetable Proteins. Soybean protein has an inhibitory effect on nonheme iron absorption that is not dependent on the phytate effect
(Lynch et al., 1994). Bioavailability is improved by fermentation,
which leads to protein degradation. The iron bioavailability from
other legumes and nuts is also poor.
Calcium. Calcium inhibits the absorption of both heme and nonheme iron (Hallberg et al., 1991). The mechanism is not well understood (Whiting, 1995); however, calcium has been shown to inhibit
iron absorption, in part by interfering with the degradation of phytic
acid. Furthermore, it has been suggested that calcium inhibits heme
and nonheme iron absorption during transfer through the mucosal
cell (Hallberg et al., 1993). Calcium has a direct dose-related inhibiting effect on iron absorption such that absorption was reduced by
50 to 60 percent at doses of 300 to 600 mg of calcium added to
wheat rolls (Hallberg et al., 1991). Inhibition may be maximal at
this level. When preschool children consumed mean calcium intakes of 502 or 1,180 mg/day, no difference was observed in the
erythrocyte incorporation of iron (Ames et al., 1999). Despite the
significant reduction of iron absorption by calcium in single meals,
little effect has been observed on serum ferritin concentrations in
supplementation trials with supplement levels ranging from 1,000
to 1,500 mg/day of calcium (Dalton et al., 1997; Minihane and
Fairweather-Tait, 1998; Sokoll and Dawson-Hughes, 1992).
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Algorithms for Estimating Dietary Iron Bioavailability
Despite the complexity of the food supply, the various interactions, and the lack of long-term bioavailability studies, attempts
have been made to develop an algorithm for estimating iron bioavailability based on nutrients and food components that improve
and inhibit iron bioavailability. Monsen and coworkers (1978) developed a model that was based on the level of dietary meat, fish, or
poultry and ascorbic acid.
Most recently, an algorithm has been developed and validated for
calculating absorbed heme and nonheme iron by the summation of
absorption values derived from single-meal studies to estimate the
iron absorption from whole diets (Hallberg and Hulthen, 2000).
This algorithm involves estimating iron absorption on the basis of
the meal content of phytate, polyphenols, ascorbic acid, calcium,
eggs, meat, seafood, soy protein, and alcohol. Reddy and coworkers
(2000) have developed another algorithm based on the animal tissue, phytic acid, and ascorbic acid content of meals. It is also important to note that single-meal studies may exaggerate the impact of
factors affecting iron bioavailability. Cook and coworkers (1991)
compared nonheme iron bioavailability from single meals with that
of a diet consumed over a 2-week period. There was a 4.5-fold difference between maximally enhancing and maximally inhibiting
single meals. The difference was only two-fold when measured over
the 2-week period.
The determination of an Estimated Average Requirement (EAR)
depends on a precise assessment of the physiological requirement
for absorbed iron and the estimation of the maximum rate of
absorption that can be attained by individuals just maintaining the
level of iron nutriture considered adequate to ensure normal function. As discussed earlier, normal function is preserved in individuals
with a normal functional iron compartment provided that the
dietary iron supply is secure and of sufficiently high bioavailability.
There appears to be no physiological benefit to maintaining more
than a minimal iron store (Siimes et al., 1980a, 1980b). The EAR is
therefore set to reflect absorption levels in individuals with a normal complement of functional iron, but only minimal storage iron
as indicated by a serum ferritin concentration of 15 µg/L (IOM,
1993). The selection of this criterion for adequate iron balance is
critical to determining the EAR because iron absorption is controlled primarily by the size of iron stores. As iron stores rise, the
percentage of dietary iron absorption and apparent bioavailability
fall (Cook et al., 1974).
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The second factor that is critical to determining the EAR is dietary
iron bioavailability. Although much is known about the factors that
enhance and inhibit iron absorption, the application of specific
algorithms based on these factors to complex diets remains imprecise.
Based on the general properties of the major dietary enhancers, the
FAO/WHO (1988) identified three levels of bioavailability and the
associated compositional characteristics of such diets. The typical
diversified U.S. and Canadian diets containing generous quantities
of flesh foods and ascorbic acid were judged to be 15 percent bioavailable. Constrained vegetarian diets, consisting mainly of cereals
and vegetable foods with only small quantities of meat, fish, and
ascorbic acid, were judged to be 10 percent bioavailable; very restricted vegetarian diets were judged to be 5 percent bioavailable.
These levels of absorption were predicted for individuals who were
not anemic, but had no storage iron. A mixed American or Canadian diet would therefore be predicted to allow the absorption of
about 15 percent of the dietary iron in an individual whose iron
status was selected as a basis for calculating the EAR (serum ferritin
concentration of 15 µg/L).
Hallberg and Rossander-Hulten (1991) suggested that the bioavailability of iron in the U.S. diet may be somewhat higher than 15
percent: approximately 17 percent. Some support for this contention was provided by the observation of Cook and coworkers (1991)
who measured nonheme iron absorption over a 2-week period in
free-living American volunteers eating their customary diets. After
correcting nonheme iron values (to a serum ferritin concentration
of 15 µg/L), the bioavailability of nonheme iron in self-selected
diets was 16.8 percent ([34 µg/L ÷ 15 µg/L] × 7.4 percent). Heme
constitutes 10 to 15 percent of iron in the adult diet (Raper et al.,
1984) and the diet of children (see Appendix Table I-2) and is
always well absorbed. Based on a conservative estimation for overall
heme absorption of 25 percent (Hallberg and Rossander-Hulten,
1991) and again a conservative estimate for the proportion of
dietary iron that is in the form of heme (10 percent), estimated
overall iron bioavailability in the mixed American or Canadian diet
is approximately 18 percent:
Overall iron absorption = (Fraction of nonheme iron [0.9] ×
proportion of nonheme iron absorption [0.168]) +
(Fraction of heme iron [0.1] ×
proportion of heme iron absorption [0.25]) × 100 = 17.6 percent.
For these reasons, 18 percent bioavailability is used to estimate
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the average requirement of iron for children over the age of 1 year,
adolescents, and nonpregnant adults consuming the mixed diet typically consumed in the United States and Canada. The diets of most
infants aged 7 through 12 months contain little meat and are rich
in cereals and vegetables, a diet that approximates a medium bioavailability of 10 percent (Davidsson et al., 1997; Fairweather-Tait et
al., 1995a; FAO/WHO, 1988; Skinner et al., 1997).

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants Ages 0 through 6 Months
Method Used to Set the Adequate Intake
No functional criteria of iron status have been demonstrated that
reflect response to dietary intake in young infants. Thus, recommended intakes of iron are based on an Adequate Intake (AI) that
reflects the observed mean iron intake of infants principally fed
human milk.
At birth, the normal full-term infant has a considerable endowment of iron and a very high hemoglobin concentration. Because
the mobilization of body iron stores is very high, the requirement
for exogenous iron is virtually zero. After birth, an active process of
shifts in iron compartments takes place. Fetal hemoglobin concentration falls, usually reaching a nadir when the infant is between 4
and 6 months of age, and adult hemoglobin formation begins because hematopoiesis is very active. Some time between 4 and 6
months, exogenous sources of iron are used and after 6 months, it
can be assumed that the stores endowed at birth have been utilized
and that the physiological norm is to meet iron needs from exogenous rather than endogenous sources as erythropoiesis becomes
more active. Thereafter, the hemoglobin concentration rises slowly
but continuously (1 to 2 g/L/year) through at least puberty (longer
in males) (Beaton et al., 1989). This normal physiological sequence
of events complicates the estimation of iron requirements.
It is widely accepted that the iron intake of infants exclusively fed
human milk must meet or exceed the actual needs of almost all of
these infants and that the described pattern of utilization of iron
stores is physiologically normal, not indicative of the beginning of
iron deficiency. For this age group, it is assumed that the iron provided by human milk is adequate to meet the iron needs of the
infant exclusively fed human milk from birth through 6 months.
Therefore, the method described in Chapter 2 is used to set an AI
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for young infants based on the daily amount of iron secreted in
human milk. The average iron concentration in human milk is 0.35
mg/L (Table 9-5). Therefore, the AI is set at 0.27 mg/day (0.78 L/
day × 0.35 mg/L).
Since there is strong reason to expect that iron intake and iron
requirement are both related to achieved body size and growth rate
(milk volume relating to energy demand), it is assumed that a correlation between intake and requirement exists. This allows the
group mean intake to be lower than the ninety-seven and one-half
percentile of requirements (Recommended Dietary Allowance).
Therefore, there should be no expectation that an intake of 0.27
mg/day is adequate to meet the needs of almost all individual infants and therefore should be applied with extreme care.

Iron AI Summary, Ages 0 through 6 Months
AI for Infants
0–6 months

0.27 mg/day of iron

Special Considerations
The iron concentration in cow milk ranges between 0.2 and 0.3
mg/L (Lonnerdal et al., 1981). Although the iron content in human
milk is lower, iron is significantly more bioavailable in human milk
(45 to 100 percent) compared to infant formula (10 percent)
(Fomon et al., 1993; Lonnerdal et al., 1981). Casein is the major
iron-binding protein in cow milk (Hegenauer et al., 1979). Because
of the poor absorption of iron, in the United States cow milk is not
recommended for ingestion by infants until after 1 year of age; in
Canada it is not recommended until after 9 months of age. In addition, the ingestion of cow milk by infants, especially in the first 6
months of life, has been associated with small amounts of blood loss
in the stool. The cause of the blood loss is not well understood, but
is assumed to be an allergic-type reaction between a protein in cow
milk and the enterocytes of the gastrointestinal tract. Because the
early, inappropriate ingestion of cow milk is associated with a higher
risk of iron deficiency anemia, it would be prudent to monitor iron
status of any infants ingesting cow milk. If anemia is detected, it
should be treated with an appropriate dose of medicinal iron.
The American Academy of Pediatrics (AAP, 1999) and Canadian
Paediatric Society (1991) reviewed the role of commercial formulas in
infant feeding. Their conclusion was that infants who are not, or only
partially, fed human milk should receive an iron-fortified formula.
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TABLE 9-5 Iron Concentration in Human Milk

Stage of
Lactation

Milk
Concentration
(mg/L)

Estimated
Iron Intake
of Infants
(mg/d)a

Not reported

6–12 wk

0.202

0.15

38 women,
19–42 y

Not reported
39.3
47.1
40.8
65.5
16.4

1–3 mo
4–6 mo
7–9 mo
10–12 mo
13–18 mo
19–31 mo

0.49
0.43
0.42
0.38
0.39
0.42

0.38
0.34
0.25
0.23
0.23
0.25

Lemons
et al., 1982

7 women

Not reported

1 wk
2 wk
3 wk

0.77
0.98
0.80

0.60
0.76
0.62

Mendelson
et al., 1982

10 women

Not reported

3–5 d
8–10 d
15–17 d
28–30 d

1.11
0.99
0.81
0.88

0.86
0.77
0.63
0.68

Dewey and
Lonnerdal,
1983

20 women

Not reported

1
2
3
4
5
6

0.31
0.22
0.25
0.22
0.20
0.21

0.20
0.17
0.21
0.18
0.13
0.13

Garza et al.,
1983

6 women,
26–35 y

Not reported

6 mo
7 mo
8 mo

0.029
0.042
0.050

0.02
0.03
0.03

Lipsman
et al., 1985

7–13 teens

15.0 (mean
at 7 mo)

12–17
adults

Not reported

1
2
3
4
5
6
7
1
2
3
4
5
6

0.4
0.3
0.4
0.35
0.3
0.25
0.22
0.30
0.22
0.25
0.22
0.20
0.22

0.31
0.23
0.31
0.27
0.23
0.15
0.13
0.23
0.17
0.19
0.17
0.16
0.17
continued

Study
Group

Maternal
Intake
(mg/d)

Picciano and
Guthrie,
1976

50 women

Vaughan
et al., 1979

Reference

mo
mo
mo
mo
mo
mo

mo
mo
mo
mo
mo
mo
mo
mo
mo
mo
mo
mo
mo
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TABLE 9-5 Continued

Reference

Study
Group

Maternal
Intake
(mg/d)

Stage of
Lactation

Milk
Concentration
(mg/L)

Not
0.19
reported 0.15
0.13
0.12

Butte et al.,
1987

45 women

16.2
14.1
13.9
13.5

1
2
3
4

mo
mo
mo
mo

Anderson,
1993

7 women

Not reported

Up to 5 mo 0.26

Estimated
Iron Intake
of Infants
(mg/d)a

0.20

a Iron intake based on reported data or concentration (mg/L) × 0.78 L/day for 0–6
months postpartum and concentration (mg/L) × 0.6 L/day for 7–12 months postpartum.

Infants Ages 7 through 12 Months
Evidence Considered in Estimating the Average Requirement
For older infants the approach to estimation of requirements is
parallel to that of other age and gender groups. Although body
iron stores decrease during the first 6 months (and this is seen as
physiologically normal), it is appropriate to make provision for the
maintenance and development of modest iron stores in early life,
even though requirements for older children, adolescents, and
adults do not make provision for iron storage as a part of requirement.
For infants over the age of 6 months, it becomes both feasible and
desirable to model the factorial components of absorbed iron requirements to set the Estimated Average Requirement (EAR) and
Recommended Dietary Allowance (RDA) (see “Selection of Indicators for Estimating the Requirement for Iron—Factorial Modeling”). The major components of iron need for older infants are:
• obligatory fecal, urinary, and dermal losses (basal losses);
• increase in hemoglobin mass (increase in blood volume and
increase in hemoglobin concentration);
• increase in tissue (nonstorage) iron; and
• increase in storage iron (as noted earlier, building a small reserve in very young children is seen as important).
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A number of these component estimates can be linked to achieved
size and growth rate. Dibley and coworkers (1987) provided data on
both estimates. Median body weights at 6 and 12 months were 7.8
and 10.2 kg for boys and 7.2 and 9.5 kg for girls (Dibley et al., 1987)
and the body weight at the midpoint between 7 and 12 months
(0.75 years) were 9 and 8.4 kg for male and female infants, respectively. These weights are similar to the reference weights provided
in Table 1-1. Approximate normality was assumed and the standard
deviation (SD) estimates for infants fed human milk were used as
an indicator of likely variability in body size (WHO, 1994). These
were taken to present a coefficient of variation (CV) of about 10
percent for this age group.
Basal Losses. The estimated basal loss of iron in infants is taken as
0.03 mg/kg/day (Garby et al., 1964). On the assumption that the
variability of these losses is proportional to the variability of weight,
the accepted estimates of basal losses at 6 and 12 months are 0.22 ±
0.02 (SD) mg/day at 6 months and 0.31 ± 0.03 (SD) mg/day at 12
months for both genders; the midrange estimate is 0.26 ± 0.03 (SD)
mg/day.
Increase in Hemoglobin Mass. The rate of hemoglobin formation,
and hence iron needed for that purpose, is a function of rate of
growth (weight velocity). The median or average growth rate is estimated as 13 g/day (2,400 g/180 days) for boys and 12.7 g/day
(2,300 g/180 days) for girls, suggesting 13.0 g/day (0.39 kg/month)
for both genders (Dibley et al., 1987). The World Health Organization Working Group on Infant Growth (WHO, 1994) gathered data
on growth velocity from limited longitudinal studies of infants fed
human milk. The reported means and SDs for 2-month weight increments at ages 8 to 20 months were 0.27 ± 0.14 kg/month (9 g/
day) for boys and 0.26 ± 0.12 kg/month (8.6 g/day) for girls. The
observed CV was 45 to 52 percent. Although skewing of the distributions would be expected, no information was provided. For the purposes of this report, the median weight increment is taken as 13 g/
day for both genders, and the SD is taken as 6.5 (CV, 50 percent).
If blood volume is estimated to be 70 mL/kg (Hawkins, 1964),
the median hemoglobin concentration as 120 g/L, and the iron
content of hemoglobin as 3.39 mg/g (Smith and Rios, 1974), then
the amount of iron utilized for increase in hemoglobin mass can
also be estimated:
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Weight gain (0.39 kg/month) × blood volume factor (70 mL/kg) ×
hemoglobin concentration (0.12 mg/mL) ×
iron concentration in hemoglobin (3.39 mg/g) ÷
30 days/month = 0.37 mg/day.
The CV of iron utilization for this function is taken as the CV for
weight gain, and thus the estimate becomes 0.37 ± 0.195 (SD) mg/
day.
Increase in the Nonstorage Iron Content of Tissues. The nonstorage
iron content of tissues has been estimated as 0.7 mg/kg body weight
for a 1-year-old child (Smith and Rios, 1974). On the assumption
that this estimate can be applied at age 7 months as well, the average tissue iron deposition would be
Weight gain (13.3 g/day) × nonstorage iron content (0.7 mg/kg) =
0.009 mg/day.
Applying the CV accepted for weight gain (50 percent) gives a modeling estimate of tissue iron deposition of 0.009 ± 0.0045 (SD) mg/
day.
Increase in Storage Iron. The desired level of iron storage is a matter
of judgment rather than physiologically definable need. In this
report, it is assumed that body iron storage should approximate 12
percent of total iron deposition (Dallman, 1986b), or
(Increase in hemoglobin iron [0.37 mg/day] +
Increase in nonstorage tissue iron [0.009 mg/day]) ×
(Percent of total tissue iron that is stored [12 percent] ÷
Percent of total iron that is not stored [100 – 12 percent]) =
0.051 mg/day.
The variability would be proportional to the combined variability of
hemoglobin deposition and nonstorage iron deposition.
Total Requirement for Absorbed Iron. Median total iron deposition
(hemoglobin mass + nonstorage iron + iron storage) is 0.43 mg/day
(0.37 + 0.009 + 0.051) and basal iron loss is 0.26 ± 0.03 (SD) mg/
day. Therefore, the median total requirement for absorbed iron is
0.69 ± 0.145 (SD) mg/day (Table 9-6).
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TABLE 9-6 Summary Illustration of Median Absorbed Iron
Requirements for Infants and Young Children

Estimated
Surface
Areab (m2)

Estimated
Change in
Hemoglobin
Mass c (g/y)

Basal
Lossd
(mg/d)

Hemoglo
Iron
Depositio
(mg/d)

—

—

0.26

0.37

11.6
13.6
15.5
17.5
19.6
21.9
24.7
26.8

0.5340
0.6064
0.6700
0.7353
0.7996
0.8675
0.9422
0.9980

30.2
19.8
22.7
21.8
26.2
26.7
29.9
35.7

0.29
0.33
0.36
0.39
0.43
0.47
0.51
0.54

0.28
0.18
0.21
0.20
0.24
0.25
0.28
0.33

10.8
12.8
14.7
16.8
19.0
21.3
23.8
26.9

0.5104
0.5842
0.6486
0.7166
0.7845
0.8524
0.9209
0.9986

33.5
28.4
22.5
24.4
20.7
19.7
29.9
27.0

0.27
0.31
0.35
0.39
0.42
0.46
0.49
0.54

0.31
0.26
0.21
0.23
0.19
0.15
0.28
0.25

Weighta (kg)

Age (y)
Infants 6–12 moh
Males
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
Females
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5

8.7

a Representative anthropometry for modeling, based on Frisancho (1990).
b Computed by equation of Haycock et al. (1978).
c Derived from Table 9-7.
d Based on 0.538 mg/m2/d, extrapolated from Green et al. (1968).
e Based on assumed 0.7 g/kg body weight gain (Smith and Rios, 1974).
f Calculated as 12 percent of total iron deposition through 3.0 years of age then

falling; no provision for storage at 9.0 years of age.

Dietary Iron Bioavailability. During the second 6 months of life, it is
assumed that complementary feeding is in place. The primary food
introduced at this time is infant cereal, most often fortified with
low-bioavailable iron (Davidsson et al., 2000); this cereal is the primary source of iron (see Appendix Table I-1). Feeding with human
milk and infant formula (possibly fortified with iron), may continue.
Iron absorption averaged 14.8 percent in human milk (Abrams et
al., 1997). A study on food intakes of infants showed that by 1 year
of age, over half of the infants consumed cereals and fruits, but less

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

323

IRON

ron
Total Iron Needg

Basal
Lossd
(mg/d)

Hemoglobin
Iron
Deposition
(mg/d)

Increase
in Tissue
Irone
(mg/d)

Increase
in Storage
Ironf
(mg/d)

Median
(g/d)

97.5th
Percentile
(g/d)

0.26

0.37

0.009

0.051

0.69

1.07

0.29
0.33
0.36
0.39
0.43
0.47
0.51
0.54

0.28
0.18
0.21
0.20
0.24
0.25
0.28
0.33

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

0.038
0.023
0.025
0.021
0.019
0.015
0.011
0.006

0.62
0.54
0.61
0.63
0.70
0.74
0.81
0.81

1.24
1.23
1.36
1.45
1.60
1.71
1.86
2.01

0.27
0.31
0.35
0.39
0.42
0.46
0.49
0.54

0.31
0.26
0.21
0.23
0.19
0.15
0.28
0.25

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004

0.038
0.032
0.026
0.023
0.016
0.011
0.011
0.005

0.64
0.63
0.59
0.65
0.64
0.66
0.79
0.80

1.25
1.30
1.32
1.45
1.52
1.61
1.83
1.92

g Estimates derived from simulated population that take into account impact of
skewing and are the basis for the Estimated Average Requirement (EAR) and
Recommended Dietary Allowance (RDA).
h Requirements for infants and young children were estimated by different
methods. Upper limit of absorption for infants and children is 10 and 18
percent, respectively. See text for methods used for infants and children.

than half consumed meat or meat mixtures (Skinner et al., 1997).
Only 32 percent of infants consumed beef at 12 months of age.
Therefore, a moderate bioavailability of 10 percent is used to set
the EAR at 6.9 mg/day (0.69 ÷ 0.1).

Iron EAR and RDA Summary, Ages 7 through 12 Months
The EAR has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
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fiftieth percentile, with use of an upper limit of 10 percent iron
absorption and rounding (see Appendix Table I-3).
EAR for Infants
7–12 months

6.9 mg/day of iron

The RDA has been set by modeling the components of iron
requirements, estimating the requirement for absorbed iron at the
ninety-seven and one-half percentile, with use of an upper limit of
10 percent iron absorption and rounding (see Appendix Table I-3).
RDA for Infants
7–12 months

11 mg/day of iron

Children Ages 1 through 8 Years
Evidence Considered in Estimating the Average Requirement
The EAR for children 1 through 8 years is determined by factorial
modeling of the median components of iron requirements (see
“Selection of Indicators for Estimating the Requirement for Iron—
Factorial Modeling”). The model is presented for males and females
though gender is ignored in deriving the EAR for young children
because the gender differences are sufficiently small. The major
components of iron need for young children are:
•
•
•
•

basal iron losses;
increase in hemoglobin mass;
increase in tissue (nonstorage iron); and
increase in storage iron.

A fundamental influence on body iron accretion is the rate of
change of body weight (growth rate). Because variability in body
weight is needed for calculating the distribution of basal losses, the
reference weights in Table 1-1 were not used. Median change in
body weight was estimated as the slope of a linear regression of
reported median body weights on age (weight = 7.21 + 2.29 × age,
for pooled gender) (Frisancho, 1990) (Table 9-6). The fit was satisfactorily close for the purpose of modeling. Inclusion of gender in
the model demonstrated that boys typically weighed more than girls,
but the interaction term was insignificant, statistically and biologically. A median rate of weight change of 2.3 kg/year or 6.3 g/day
was assumed for both sexes.
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For each component discussed above, the data for children 1
through 3.9 years and 4 through 8.9 years were used for modeling
the iron needs for children 1.5 through 3.5 years and 4.5 through
8.5 years, respectively. The midpoints for these age ranges are 2.5
and 6.5 years, which were used to estimate the total requirements
for absorbed iron.
Basal Losses. Basal iron losses for children, aged 1.5 to 8.5 years,
were derived from the total body iron losses directly measured from
adult men (Green et al., 1968) (see “Selection of Indicators for
Estimating the Requirement for Iron—Factorial Modeling”). Rather
than assuming a linear function of body weight, estimated losses
were adjusted to the child’s body size on the basis of estimated
surface area (Haycock et al., 1978). Body surface area was used
rather than body weight because it is directly related to dermal iron
losses (Bothwell and Finch, 1962) and because it is a predictor of
metabolic size. On this basis, the adult male basal loss was computed
as 0.538 mg/m2/day (Green et al., 1968). The derived values are
presented in Table 9-6.
Garby and coworkers (1964) found that iron lost from the gastrointestinal tract alone was 0.03 mg/kg in infants, an amount that
would yield higher estimated basal losses than were determined by
extrapolating from the data of Green and coworkers (1968). Therefore, the basal losses of children 1 through 8 years of age may be
underestimated. Nonetheless, the data of Green coworkers (1968)
were used because of the greater number of study subjects (n = 41
versus n = 3 studied by Garby and coworkers [1964]), as well as the
finding that basal losses are related to body size (Bothwell and
Finch, 1962; R. Green, University of Witwatersrand, Johannesburg,
South Africa, personal communication, 2000).
Increase in Hemoglobin Mass. Median increase in hemoglobin mass
was estimated as
Hemoglobin mass (g) = blood volume (mL/kg) ×
hemoglobin concentration (g/L).
During growth, both blood volume and hemoglobin concentration
change with age. Although blood volume is a function of body
weight, the actual relationship between blood volume and weight
appears to change with age. Hawkins (1964) estimated blood volume at specific ages by averaging estimates obtained by several
calculations based on body weight or body surface area. Hawkins’

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

326

DIETARY REFERENCE INTAKES

estimates are presented in Table 9-7. Age- and gender-specific
hemoglobin concentration is estimated from the equations of Beaton
and coworkers (1989) using 119 + 1.4 g/L/year in males and 121 +
1.1 g/L/year in females. Estimated blood volume and hemoglobin
mass are shown in Table 9-7. Change in hemoglobin mass was estimated between mass at successive ages (Table 9-6). Iron needs were
computed from the estimated change of hemoglobin mass and its
expected iron content (3.39 mg/g). Thus, for example, from Table
9-7, the increase in hemoglobin mass between ages 7 and 8 years
was 29.9 g (from 231.8 to 261.7). That represents 101.4 mg of iron
(29.9 g × 3.39 mg/g) per year or 0.28 mg/day, as shown for increase in hemoglobin mass at 7.5 years in Table 9-6.

TABLE 9-7 Estimates of Blood Volume and Hemoglobin Mass,
by Age and Gender

Age (y)
Males
1
2
3
4
5
6
7
8
9
Females
1
2
3
4
5
6
7
8
9

Weight
(kg)a

Blood
Volume
(L)b

Hemoglobin
Concentration
(g/L)c

Hemoglobin
Mass
(g)

9.8
12.5
14.3
16.6
18.5
20.7
23.0
25.7
28.5

0.70
0.94
1.09
1.26
1.42
1.61
1.80
2.01
2.26

120.4
121.8
123.2
124.6
126.0
127.4
128.8
130.2
131.6

84.3
114.5
134.3
157.0
178.9
205.1
231.8
261.7
297.4

9.2
11.9
13.8
16.1
18.3
20.2
22.4
25.3
27.9

0.66
0.92
1.06
1.23
1.41
1.56
1.70
1.91
2.10

122.1
123.2
124.3
125.4
126.5
127.6
128.7
129.8
130.9

80.5
113.3
131.7
154.2
178.4
199.1
218.8
247.9
274.9

a Body weights are estimated by Frisancho (1990).
b Blood volume estimates based on Hawkins (1964).
c Hemoglobin concentrations estimates from Beaton et al. (1989).
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Increase in the Nonstorage Iron Content of Tissues. Iron deposition was
derived with use of the estimate of body weight change (0.7 mg/kg)
(Smith and Rios, 1974) and the median rate of weight change (2.29
kg/year). The estimated deposition is estimated to be 0.004 mg/
day (2.29 kg/year × 0.7 mg/kg ÷ 365 days/year) for all age groups
(Table 9-6).
Increase in Storage Iron. Similar to the calculation described for
older infants, increase in storage iron was computed as
Increase in hemoglobin mass (mg/day) +
Increase in tissue iron (mg/day) ×
Portion of total tissue iron that is stored (12 percent).
This calculation was used for estimating an increase in iron stores
for children up to 3 years old and was based on an estimated 12
percent of iron that enters storage (Dallman, 1986b). Beyond age 3
years, this percent progressively falls to no provision of iron stores
by 9 years of age. The iron storage allowance for each age group is
shown in Table 9-6.
Total Requirement for Absorbed Iron. Total requirement for absorbed
iron for children 1 through 8 years is based on the higher estimates
derived for males. Median total iron deposition (hemoglobin mass
+ nonstorage iron + iron storage) is 0.21 mg/day (0.18 + 0.004 +
0.023) and basal iron loss is 0.33 mg/day for children aged 1
through 3 years. Therefore, the median total requirement for absorbed iron is 0.54 mg/day (Table 9-6). The median total iron
deposition is 0.27 mg/day (0.25 + 0.004 + 0.015) and basal iron loss
is 0.47 mg/day for children 4 through 8 years. Therefore, the median
total requirement for absorbed iron is 0.74 mg/day (Table 9-6).
Dietary Iron Bioavailability. Based on a heme iron intake of 11 percent of total iron for children 1 to 8 years old, the upper limit of
absorption is 18 percent (see “Factors Affecting the Iron Requirement—Algorithms for Estimating Dietary Iron Bioavailability” and
Appendix Table I-2).
The derived estimates of dietary requirements are shown in Table
9-8. Representative values are selected for tabulated EARs and RDAs.
The derived distributions of requirements for children 1 year of age
and older are skewed and are tabulated in Appendix Table I-3.
Estimation of the Variability of Requirements. For the estimation of
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TABLE 9-8 Derived Estimates of the Estimated Average
Requirement (EAR) and Recommended Dietary Allowance
(RDA) for Young Children

Age (y)
Males
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5
Females
1.5
2.5
3.5
4.5
5.5
6.5
7.5
8.5

Requirement for Absorbed
Iron (mg/d)

Dietary Reference Intakesa
(mg/d)

Median

97.5th Percentile

EAR

RDA

0.62
0.54
0.61
0.63
0.70
0.74
0.81
0.81

1.24
1.23
1.36
1.45
1.60
1.71
1.86
2.01

3.4
2.9
3.4
3.5
3.9
4.1
4.5
4.5

6.9
6.8
7.6
7.9
8.1
9.5
10.3
11.2

0.64
0.63
0.59
0.65
0.64
0.66
0.79
0.80

1.25
1.30
1.32
1.45
1.52
1.61
1.83
1.92

3.4
2.7
3.3
3.4
3.4
3.6
4.3
4.4

6.9
7.2
7.3
8.1
8.4
8.9
10.2
10.7

a Based on 18 percent upper limit of absorption.

variability of requirements, it is necessary to have an estimate of the
variability of weight velocity. The Infant Growth Study (WHO, 1994)
offers an estimate of the variability of 2-month weight gains at 10 to
12 months. The apparent CV was 62.5 percent in boys and 63.6
percent in girls. The report on weight velocity standards for the
United Kingdom (Tanner et al., 1966) seems to suggest a CV of 25
to 30 percent for 1-year weight velocities in children in the age
group examined at each year of age. Given that the relative variability
(CV) increases as the duration of the increment interval decreases,
it was judged appropriate to accept a somewhat higher estimate of
the variability in biologically meaningful intervals. A CV of 40 percent for weight velocity in boys and girls at ages 1 through 8 years is
estimated. In all likelihood, the actual distribution of weight velocities is skewed, but no estimates of the actual distribution characteristics have been identified.
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The variabilities of both hemoglobin iron deposition and tissue
iron deposition were assigned the CV for weight gain (40 percent).
Basal iron loss is estimated on the basis of surface area. The logical
variability would be proportional to the variability of surface area.
To obtain an estimate of variability of basal losses, these were computed for weights and heights reported in the U.S. Department of
Agriculture (USDA) Continuing Survey of Food Intakes by Individuals (CSFII) (self-reported weight and height), and the variability
of estimate within 1-year age intervals was examined. CVs of square
root-transformed data for individual age-sex groups were examined,
as well as the linear scale, and all showed appreciable departure
from normality, but the square root transformation was empirically
the best fit. CVs for individual age-sex groups ranged from 29 percent in 8-year-old boys to 47.4 percent in 4-year-old boys. With use
of a statistical model that took into account age and gender effects,
an overall CV of the basal iron loss was estimated as 38 percent.
That CV was applied to the square root of the median basal losses
shown in Table 9-6.

Iron EAR and RDA Summary, Ages 1 through 8 Years
The EAR has been set by modeling the components of iron
requirements, estimating the requirement for absorbed iron at the
fiftieth percentile, and with use of an upper limit of 18 percent iron
absorption and rounding (see Table 9-8 and Appendix Table I-3).
EAR for Children
1–3 years
4–8 years

3.0 mg/day of iron
4.1 mg/day of iron

The RDA has been set by modeling the components of iron
requirements, estimating the requirement for absorbed iron at the
ninety-seven and one-half percentile, and with use of an upper limit
of 18 percent iron absorption and rounding (see Table 9-8 and
Appendix Table I-3).
RDA for Children
1–3 years
4–8 years

7 mg/day of iron
10 mg/day of iron
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Children and Adolescents Ages 9 through 18 Years
Evidence Considered in Estimating the Average Requirement
The EAR for children and adolescents ages 9 through 18 years is
determined by factorial modeling of the median components of
iron requirements (see “Selection of Indicators for Estimating the
Requirement for Iron—Factorial Modeling”). The major components of iron need for children are:
• basal iron losses;
• increase in hemoglobin mass;
• increase in tissue (nonstorage iron); and
• menstrual iron losses in adolescent girls (aged 14 through 18
years).
In this model, no provision was made for the development of iron
stores after early childhood. It is accepted that all recognized functions of iron are met before significant storage occurs and that
stores are a reserve against possible future shortfalls in intake rather
than a necessary functional compartment of body iron. Because
most individuals in this age group in the United States and Canada
are believed to consume iron at levels above their own requirement, it can be assumed that most will accumulate some stores.
The major physiological event occurring in this age group is puberty.
The associated physiological processes that have major impacts on
iron requirements are the growth spurt in both sexes, menarche in
girls, and the major increase in hemoglobin concentrations in boys.
Because the growth spurt and menarche are linked to physiological
age, the secular age at which these events occur varies among individuals. The factorial model distorts this by using averages. Since
the growth spurt and menarche can be detected in the individual,
provision is made for adjustments of requirement estimates when
counseling specific individuals. These are addressed later under
“Special Considerations”.
Estimation of the variability of requirements in this age range is
complicated because of the physiological changes that occur. In
this report, median requirements for absorbed iron are estimated
for each year of age, but the variability of requirement and the
requirement for absorbed iron at the ninety seven and one-half
percentile are estimated at the midpoint for children 9 through 13
years (11 years) and adolescents 14 through 18 years (16 years).
For modeling, the entire age range is treated as a continuum; for
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description, the conventional age intervals of the DRIs are used.
Although requirement estimates have been developed for individual
ages, these should be interpreted with care. Unsmoothed data have
been used and year-by-year fluctuations may not be meaningful.
In addition to achieved size, it is necessary to estimate growth
rates (weight velocities). After fitting linear regressions to median
weights for segments of the age range, the regression slopes were
taken as estimates of median weight velocities for the age interval.
The estimates used are shown in Table 9-9.
Basal Losses. Basal iron loss estimates are based on the study of
Green and coworkers (1968) (see “Selection of Indicators for Estimating the Requirement for Iron—Factorial Modeling”). Observations in adult men were extrapolated to adolescents on the basis of
14 mg/kg median weight and the losses for each age group are
shown in Table 9-10.
Increase in Hemoglobin Mass. Estimation of the net iron utilization
for increasing hemoglobin mass necessitates estimation of the rate
of increase in blood volume and estimation of the rate of change in
hemoglobin concentration. Blood volume is taken as approximately 75 mL/kg in boys and 66 mL/kg in girls (Hawkins, 1964). The
average yearly weight gains for boys and girls are shown in Table
9-9. The rate of change in hemoglobin concentration has been
directly estimated as the coefficients of the linear regression models
applied to hemoglobin versus age for Nutrition Canada data by
Beaton and coworkers (1989). The rate of change in hemoglobin
concentration and the average hemoglobin concentrations for boys
and girls are shown in Table 9-11. The iron content of hemoglobin
is 3.39 mg/g (Smith and Rios, 1974), therefore the daily iron need
for increased hemoglobin mass can be calculated as follows:
TABLE 9-9 Growth Velocity for Boys and Girls
Boys

Girls

Age (y)

(kg/y)

Age (y)

(kg/y)

9–12
13–14
15–17
18

4.87
10.43
2.75
0

9–11
12–13
14–17
18

4.77
7.24
1.63
0

SOURCE: Tanner et al. (1966).
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TABLE 9-10 Summary Illustration of Median Absorbed Iron
Requirements for Children and Adolescents, Aged 9 through
18 Yearsa
Components of Iron Needs

Age (y)
Boys
9
10
11
12
13
14
15
16
17
18
Girls
9
10
11
12
13
14
15
16
17
18

Median
Weightb
(kg)

Change in
Hemoglobin
Mass (mg/d)

Basal
Loss
(mg/d)

Tissue
Deposit
(mg/d)

Storage
(mg/d)

Menses
(mg/d)c

32.5
36.6
40.0
48.1
52.3
61.2
62.0
66.5
69.9
68.3

0.45
0.50
0.62
0.65
0.75
0.75
0.80
0.78
0.84
0.81

0.48
0.49
0.50
0.51
1.05
1.18
0.43
0.44
0.46
0.16

0.002
0.002
0.002
0.002
0.004
0.004
0.001
0.001
0.001
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

31.9
35.8
44.0
46.3
53.5
53.4
56.9
55.6
60.0
58.0

0.45
0.50
0.63
0.65
0.75
0.75
0.80
0.78
0.83
0.81

0.40
0.41
0.42
0.63
0.64
0.14
0.14
0.14
0.15
0.10

0.002
0.002
0.002
0.003
0.003
0.001
0.001
0.001
0.001
0

0
0
0
0
0
0
0
0
0
0

0b
0b
(0.45)b
(0.45)b
(0.45)b
0.45
0.45
0.45
0.45
0.45

a Summation of the median iron components and dividing by 18 percent bioavailability

does not yield values that are equivalent to the 50th and 97.5th percentile data shown in
Appendix Table I-3. This is because the summation of the median of non-normal distributions (above) do not yield the median of simulation models that represent normalized data.
b Third National Health and Nutrition Examination Survey data (not demographically
weighted).
c The model assumes that all girls are menstruating at age 14.0 years and after; it also
assumes that no girls reach menarche before age 14. This is not a valid assumption. In
working with individuals, menstrual status can be ascertained and an adjustment can be
made.
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TABLE 9-11 Equations Used to Estimate Hemoglobin
Concentration and Increase in Hemoglobin (Hb)
Concentration
Age (y) Boys
8–13
14–18

Hba = 119 + (1.4 × age) ∆Hbb = 1.4
Hb = 94.3 + (3.4 × age) ∆Hb = 3.4

Girls
Hb = 121 + (1.1 × age) ∆Hb = 1.1
Hb = 131 + (0.28 × age) ∆Hb = 0.28

a Hb = g/L.
b ∆Hb = g/L/y.

SOURCE: Beaton et al. (1989).

Boys
([Weight (kg) × increase in hemoglobin concentration (kg/L/year)]
+ [Weight gain (kg/year) × hemoglobin concentration (g/L)]) ×
blood volume (0.075 L/kg) × hemoglobin iron (3.39 mg/g) ÷
365 days/year.
Girls
([Weight (kg) × increase in hemoglobin concentration (kg/L/year)]
+ [Weight gain (kg/year) × hemoglobin concentration (g/L)]) ×
blood volume (0.066 L/kg) × hemoglobin iron (3.39 mg/g) ÷
365 days/year.
For example, the medium daily need for increased hemoglobin
mass for a 16-year-old girl would be ([55.6 × 0.28] + [1.63 × 135]) ×
0.066 × 3.39 ÷ 365, or 0.14 mg/day.
Increase in the Nonstorage Iron Content of Tissues. Nonstorage tissue
iron concentration (myoglobin and enzymes) (Table 9-10) can be
calculated when the average weight gain for boys and girls and the
iron content in muscle tissue are known. The iron deposition is
approximately 0.13 mg/kg total weight gain (0.26 mg/kg muscle
tissue) (Smith and Rios, 1974). The median need for absorbed iron
associated with increase in weight in both sexes is
Tissue iron = Weight gain (kg/year) ×
nonstorage tissue iron (0.13 mg/kg) ÷
365 days/year, or weight gain × 0.00036 mg/day.
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For example, the median daily need for nonstorage iron for a 16year-old boy is 0.001 mg/day (2.75 × 0.13 ÷ 365) after rounding. No
provision is made for iron storage after the age of 9 years. It is not a
component of requirement though it can be expected to occur
when intake exceeds actual requirement.
Menstrual Losses. Iron losses in the menses can be calculated when
the average blood loss, the average hemoglobin concentration, and
concentration of iron in hemoglobin (3.39 mg/g) (Smith and Rios,
1974) are known. It was deemed appropriate to use the blood losses
reported by Hallberg and coworkers (1966a, 1966b) with additional
information from Hallberg and Rossander-Hulthen (1991) and,
more specifically, to use the blood loss estimates for 15-year-old
girls. These losses were lower than those reported for older ages.
Several important features of these and other data related to menstrual blood loss were recognized in developing models to predict
requirements:
• Menstrual losses are highly variable among women and the distribution of losses in the population shows major skewing, with some
women having losses in excess of three times the median value.
• Menstrual losses are very consistent from one menstrual cycle to
the next for an individual woman.
• Once the woman’s menstrual pattern is established after her
menarche, menstrual losses are essentially unchanged until the
onset of menopause in healthy women. Hallberg and coworkers
(1966b) found very little difference in blood loss with age. Losses
were lower in the 15-year-old group, but incomplete collection
might have been a factor. Cole and coworkers (1971) reported a
small effect of age that was attributed to two covariates, parity and
infant birth weight.
• Contraceptive methods have a major impact on menstrual losses.
Bleeding is significantly increased by the use of certain intrauterine
devices and significantly decreased in individuals taking oral contraceptives.
Age, body size, and parity were not considered to have an effect of
sufficient magnitude on menstrual blood losses to include them as
factors in the models for estimating iron requirements in females—
except with regard to the lower menstrual loss assumed for adolescents.
The data on menstrual losses reported by Hallberg and coworkers
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(1966a, 1966b) were used for all calculations in adolescent and adult
females. This data set was selected for the following reasons:
• It is representative of the other survey data quoted above and
can be considered generalizable to women living in countries other
than that of the study, including the United States and Canada.
• Women were selected to fall into six age groups between 15 and
50 years, thus permitting estimates for all women.
• Although the original data were not available, comprehensive
descriptions of the distribution of menstrual losses are available
from a series of publications by Hallberg and colleagues.
• The survey was carried out before intrauterine devices and oral
contraceptives were widely available. Only one woman in the study
was using an oral contraceptive. None of them used an intrauterine
device. The measurement can therefore reasonably be assumed to
reflect “usual losses”.
Blood losses per menstrual cycle were converted into estimated
daily iron losses averaged over the whole menstrual cycle. The following assumptions were made:
• Blood loss does not change with mild anemia and is therefore
independent of hemoglobin concentration.
• In estimating hemoglobin loss (blood loss × hemoglobin concentration), hemoglobin concentration was taken as a constant (135
± 9 g/L in adult women and based on age in adolescents) (Hallberg
and Rossander-Hulthen, 1991) and variance was ignored.
• The iron content of hemoglobin is 3.39 mg/g (Smith and Rios,
1974).
• The duration of the average menstrual cycle is 28 days. Beaton
and coworkers (1970) reported a cycle duration of 27.8 ± 3.6 days
in 86 self-selected healthy volunteers.
Since the distribution of menstrual blood losses in the data reported by Hallberg is skewed, it was modeled as described previously
(see “Selection of Indicators for Estimating the Requirement for
Iron—Factorial Modeling”). Comparison of the observed and modeled values (Table 9-12) provides a way of visualizing the adequacy
of the fit of the model. A log-normal distribution was fitted to the
reported percentiles of the blood loss distribution (natural log of
blood loss = 3.3183 ± 0.6662 [SD]) to result in a median blood loss
of 27.6 mL/estrous cycle. Blood losses of greater than 100 mL/
estrous cycle are observed at the ninety-fifth percentile (Table 9-12)
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TABLE 9-12 Comparison of Reported and Modeled Distributions
of Blood Loss Per Menstrual Cycle of Swedish Women
Blood Loss (mL/estrous cycle)
Percentile

Observeda

Modeled b

10
25
50
75
90
95

10.4
18.2
30.0
52.4
83.9
118.0

11.4
18.3
30.9
52.3
83.9
111.4

a n = 486. Data from Hallberg et al. (1966a), percentiles 10, 25, 50, 75, 90; Hallberg and

Rossander-Hulthen (1991), percentile 95.
b The predicted values were estimated from a fitted log normal distribution with mean

and standard deviation = -3.4312 ± 0.7783 (see text for methodology).

and the distribution is highly skewed. Although these high menstrual
losses were found in apparently healthy women, it would be difficult to exclude unidentified hemostatic disorders (Edlund et al.,
1996) or occult uterine disease as possible contributory factors. The
investigators considered all the subjects they studied to be free of
any condition that might affect menstruation. There are no criteria
for identifying a subpopulation at risk for increased menstrual blood
loss or for setting an upper limit for “normal” losses. Calculation of
the EAR and RDA was therefore based on the complete set of observations.
Regression estimates of hemoglobin concentration and rates of
change in hemoglobin concentration by age and gender have been
derived by Beaton and coworkers (1989). Estimated hemoglobin
concentration for females 14 to 20 years of age was 131 g/L + 0.28 ×
age (years).
The above data were used to compute median menstrual iron loss
as follows:
(Blood loss [27.6 mL/28 days]) ×
(hemoglobin concentration [131 g/L] + [0.28 × age]) ×
iron content of hemoglobin (3.39 mg/g) ÷ 1,000.
Thus for adolescent girls, the median iron loss would be 0.45 mg/
day (Table 9-10). Discussion on menstrual iron losses prior to 14
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years is discussed under “Special Considerations.” (For a discussion
of menstrual iron losses during oral contraceptive use, see the
“Special Considerations” section following “Lactation”.)
Total Requirement for Absorbed Iron. Because all components (basal
iron loss, hemoglobin mass, and nonstorage iron) are not normally
distributed (skewed), these components as shown in Table 9-10 can
not be summed to accurately determine an EAR and RDA. After
summing the components for each individual in the simulated population, the estimated percentiles of distribution were tabulated and
are shown in Appendix Tables I-3 and I-4. The modeled distribution
of iron requirements are used to set the EAR (fiftieth percentile)
and RDA (ninety-seven and one-half percentile) with the assumption of an upper limit of 18 percent for iron absorption.
Dietary Iron Bioavailability. The upper limit of dietary iron absorption was estimated to be 18 percent and used to set the EAR based
on the fiftieth percentile of absorbed iron requirements (see
“Factors Affecting the Iron Requirement—Algorithms for Estimating Dietary Iron Bioavailability”).
Estimation of the Variability of Requirements. While Table 9-10 shows
an estimate of median requirement, it is a simple summation and
does not reflect the distributions. The distribution of requirements
must be modeled using Monte Carlo simulation before the EAR
and RDA can be estimated. This necessitates estimation of variability
for components of requirements.
Basal or obligatory losses were derived from Green and coworkers
(1968) with the assumption of proportionality to body surface area.
To derive an estimate of variability of surface area, basal losses were
computed with use of heights and weights reported in the USDA
CSFII 1994–1996. Various transformations were then tested; a
square root transformation approximated normality. The relative
variability of surface area in this proxy data set was taken as an
estimate of variability of basal iron loss. The observed CVs of proxy
basal loss were 22.7 and 8.7 percent for boys aged 11 and 16, respectively, and 19.1 and 13.2 percent for girls aged 11 and 16, respectively. These CVs were applied to the square root of median iron
loss, estimated on the basis of weight at ages 11 and 16 years (median
loss shown in Table 9-10).
Estimating iron associated with change in hemoglobin mass requires consideration of rate of increase in blood volume and in
hemoglobin concentration. Blood volume estimates were based on
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body size, and estimated median growth velocity is shown in Table
9-9. The algorithm for estimating iron need was presented earlier.
For the purpose of modeling, blood volume as a proportion of body
weight and rate of hemoglobin change as a function of age were
taken as constants. The variability of iron need was attributed to
variation in weight and weight velocity.
Based on reported percentiles of body weight in the Third
National Health and Nutrition Examination Survey (NHANES III),
normal distributions were fitted at 11 and 16 years of age for boys
and girls. The fit was approximate only but acceptable for the
present purpose. The resultant body weight distributions (kg) were
42.96 ± 12.47 and 70.30 ± 12.70 for boys aged 11 and 16, respectively,
and 44.96 ± 9.96 and 61.36 ± 12.88 for girls aged 11 and 16, respectively.
The average weights differ from the median weights shown in
Table 9-10. Estimates of weight velocity at ages 11 and 16 years were
based on the analyses of longitudinal data reported by Tanner and
coworkers (1966) (Table 9-9). Approximation of a normal distribution was assumed. The resultant distributions of weight velocities
(kg/year) were used for modeling: 4.87 ± 1.65 and 2.75 ± 2.27 for
boys aged 11 and 16, respectively, and 4.77 ± 2.06 and 1.63 ± 1.63
for girls aged 11 and 16, respectively. The variability of tissue iron
deposition was based on the variability of body weight.
Values for iron hemoglobin concentration and altered hemoglobin
concentration were estimated for these ages from the equations of
Beaton and coworkers (1989), and variability in hemoglobin concentration was ignored. Variability arising from menstrual loss was
estimated from the fitted regression of blood loss (ln blood loss =
3.3183 ± 0.6662 [SD]).

Iron EAR and RDA Summary, Ages 9 through 18 Years
The EAR has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
fiftieth percentile, and with use of an upper limit of 18 percent iron
absorption and rounding (see Appendix Tables I-3 and I-4). For the
EAR and RDA for girls, it is assumed that girls younger than 14
years do not menstruate and that all girls 14 years and older do
menstruate.
EAR for Boys
9–13 years
14–18 years

5.9 mg/day of iron
7.7 mg/day of iron
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EAR for Girls
9–13 years
14–18 years

339

5.7 mg/day of iron
7.9 mg/day of iron

The RDA has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
ninety-seven and one-half percentile, and with use of an upper limit
of 18 percent iron absorption and rounding (see Appendix Tables
I-3 and I-4).
RDA for Boys
9–13 years
14–18 years

8 mg/day of iron
11 mg/day of iron

RDA for Girls
9–13 years
14–18 years

8 mg/day of iron
15 mg/day of iron

Special Considerations
Adjustment for Growth Spurt. During the growth spurt, median rates
of growth of boys might be double those seen in 11-year-olds; for
girls the difference is smaller (about a 50 percent increase). The
needs for absorbed iron associated with growth (increase in body
weight) were estimated as 0.035 mg/g weight gained for boys and
0.030 mg/g weight gained for girls. The additional weight gain in
the peak growth spurt years was estimated as the difference between the maximum and average growth rate (Table 9-9), which is
15.2 g/day ([10.43 – 4.87 kg/year] × 1,000 g/kg ÷ 365 day/year) for
boys and 6.76 g/day ([7.24 – 4.77 kg/year] × 1,000 g/kg ÷ 365
days/year) for girls. These represent demands of 0.53 mg/day of
iron for boys and 0.20 mg/day for girls. Therefore, the increased
requirement for dietary iron is 2.9 mg/day for boys identified as
currently in the growth spurt, and for girls the increase is approximately 1.1 mg/day.
Menstruation Before Age 14 Years. In the United States, the average
age of menarche is about 12.5 years. It is reasonable to assume that
by age 14 almost all girls will have started to menstruate, and hence
the estimates of iron requirements should include menstrual losses
at that time. It would be unreasonable to assume that no girls are
menstruating before age 14 years. For girls under age 14 who have
started to menstruate, it would be appropriate to consider a median
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menstrual loss of 0.45 mg/day of iron. Therefore, the requirement
is increased by approximately 2.5 mg/day of iron.

Adults Ages 19 Years and Older
Method Used to Estimate the Average Requirement
Factorial modeling was used to calculate the EAR and RDA for
adult men and women (see “Selection of Indicators for Estimating
the Requirement for Iron—Factorial Modeling”). Requirements for
maintaining iron requirements were derived by estimating losses.
No provision is made for growth beyond age 19 years, and therefore
there is no allowance for deposition of tissue iron.
Men. Basal iron loss was the only component used to estimate
total needs for absorbed iron. Basal losses are based on the study by
Green and coworkers (1968). Basal iron losses are taken as related
to body weight (14 µg/kg/day), and for adult men, the requirement for absorbed iron is equivalent to the basal losses:
Basal losses (mg/day) = Weight (kg) × 0.014 mg/kg/day.

(1)

There are insufficient data for estimating variability of basal losses
in adult men. Therefore, the median and variability for basal losses
were calculated by using the median and variability values for body
weight reported in NHANES III. Because variability in body weight
is needed for calculating the distribution of basal losses, the reference weights in Table 1-1 were not used. Recorded weights reasonably yield a normal distribution based on the square root of the
median weight for men:
Weight 77.4 (kg)0.5 = 8.8 ± 0.84 kg.

(2)

The distribution of basal losses, and therefore requirements in
men, was obtained by combining equations (1) and (2). The estimated median daily iron loss in men living in the United States—
and therefore the median requirement for absorbed iron—is 1.08
mg/day (77.4 kg × 0.014 mg/kg/day). The ninety-seven and onehalf percentile of absorbed iron requirements is 1.53 mg/day.
The upper limit of dietary iron absorption was estimated to be 18
percent (see “Factors Affecting the Iron Requirement—Algorithms
for Estimating Dietary Iron Bioavailability”). Using this value, the
EAR is 6 mg/day (1.08 mg/day ÷ 0.18).
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It is important to note that these calculations ignore the fact that
men have higher iron stores than women. Moreover, the calculations assume that this widely recognized observation has no biological importance, but is merely the consequence of a total intake of
food energy and associated food iron that is typically higher in men
than in women, coupled with a much lower iron need in men.
Appendix Table I-3 provides the estimated percentiles of the distribution of iron requirements for adult men.
Menstruating Women. Factorial modeling is again used to estimate
the requirement for absorbed iron. Iron requirements for women
were estimated by using the customary two-component model:
Iron requirement = basal losses + menstrual losses.
There are no direct measurements of basal iron losses, separated
from menstrual iron loss, in women. Values for women have therefore been derived from the observations made in men (Green et al.,
1968) (see “Selection of Indicators for Estimating the Iron Requirement—Factorial Modeling”) by using a simple linear weight adjustment. The mean and variability in basal losses is based on the distribution of body weights recorded in NHANES III. Because variability
in body weight is needed for calculating the distribution of basal
losses, the reference weights in Table 1-1 were not used. The square
root of reported weights yields a normal distribution reasonably
closely:
Weight 64 (kg)0.5 = 8.0 ± 1.06 kg.
Therefore the median basal iron loss was calculated as follows:
Basal iron losses (mg/day) = Median weight (64 kg) × 0.014 mg/
kg/day = 0.896 mg/day.
The ninety-seven and one-half percentile of the estimated absorbed iron requirement is 1.42 g/day (101.6 kg × 0.014 mg/kg/
day). Menstrual blood (iron) losses have been estimated in many
small studies (Beaton, 1974) and in two large community surveys,
one in Sweden (Hallberg et al., 1966b) and the other in the United
Kingdom (Cole et al., 1971). The findings of all of these studies
were reasonably consistent. The factors and choice of data selection
described for adolescent girls were also used for estimating menstrual losses in premenopausal women. Table 9-12 shows that the
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modeled median blood lost per menstrual cycle is 30.9 mL. The
average concentration of iron in hemoglobin is 3.39 mg/g (Smith
and Rios, 1974). As determined by Beaton and coworkers (1989),
the average hemoglobin concentration for nonanemic women is
135 g/L. Using the above information, the daily menstrual iron loss
can be calculated as follows:
Menstrual iron loss (mg/day) = blood loss/28 days (30.9 mL) ×
hemoglobin concentration (135 g/L) × iron concentration in
hemoglobin (3.39 mg/g) ÷ 28 days = 0.51 mg/day.
The simulated distribution of menstrual losses is shown in Table
9-13. Median total iron needs were derived by summing the component needs (basal loss [0.896] + menstrual losses [0.51] = 1.4 mg/
day).
The upper limit of dietary iron absorption was estimated to be 18
percent (see “Factors Affecting the Iron Requirement—Algorithms
for Estimating Dietary Iron Bioavailability”). By dividing the sum of
absorbed requirements by 18 percent, a distribution of dietary requirements was derived (see Appendix Table I-4). Based on this
calculation and rounding, the EAR and RDA are set at 8 and 18

TABLE 9-13 Estimated Distribution of Menstrual Losses and
Absorbed and Dietary Iron Needs in Adult Womena
Percentile
of Women

Basal Iron
Losses
(mg/d)

Daily Iron
Loss (mg/d)b

Absorbed Iron
Needs (mg/d)c

Dietary Iron
Requirement
(mg/d)d

5
10
25
50
75
90
95
97.5

0.55
0.62
0.74
0.89
1.06
1.23
1.36
1.42

0.14
0.19
0.30
0.51
0.86
1.38
1.83
2.32

0.88
0.98
1.18
1.41
1.83
2.35
2.67
3.15

4.88
5.45
6.55
8.06
10.17
13.05
14.83
17.5

a Because the distribution of basal and menstrual iron losses are approximated from
modeling, the sum of each for a specific percentile will not be equivalent to absorbed
iron needs.
b Menstrual iron losses, averaged over 28 days.
c Menstrual + basal iron losses.
d Based on 18 percent bioavailability.
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mg/day, respectively, for menstruating women not using oral
contraceptives.
Postmenopausal Women. As for men, basal iron loss is the only component of iron needs for postmenopausal women and the physiological iron requirements and the EAR and RDA were derived by
factorial modeling using the following equation:
Basal losses (µg/day) = weight (kg) × 14 µg/kg.
As was the case for men, the median and variability for basal losses
was calculated using the median and variability values for body
weight reported in NHANES III. Because variability in body weight
is needed for calculating the distribution of basal losses, the reference weights in Table 1-1 were not used. Recorded weights approximate a normal distribution based on the square root of weight:
Weight 64 (kg)0.5 = 8.0 ± 1.06 kg.
The distribution of basal losses, and therefore requirements for
postmenopausal women, was obtained by combining the equations
relating weight to basal losses and describing the weight distribution as outlined for men (Appendix Table I-3). The estimated median
daily iron loss in postmenopausal women living in the United States,
and therefore the median requirement for absorbed iron, is 0.896
mg/day (64 kg × 0.014 mg/kg/day). The ninety-seven and one-half
percentile of estimated absorbed iron requirement is 1.42 g/day
(101.6 kg × 0.014 mg/kg/day).
The upper limit of dietary iron absorption was estimated to be 18
percent (see “Factors Affecting Iron Requirement—Algorithms for
Estimating Dietary Iron Bioavailability”). Based on this value, the
EAR is set at 5 mg/day (0.896 ÷ 0.18).
It is assumed that basal losses, as a function of lean body mass, are
essentially constant with age. Thus with increasing age, the only
adjustment made to the EAR was the reduction associated with
menopause.

Iron EAR and RDA Summary, Ages 19 Years and Older
The EAR has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
fiftieth percentile, and with use of an upper limit of 18 percent iron
absorption and rounding (Appendix Tables I-3 and I-4).
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EAR for Men
19–30 years
31–50 years
51–70 years
> 70 years

6 mg/day of iron
6 mg/day of iron
6 mg/day of iron
6 mg/day of iron

EAR for Women
19–30 years
31–50 years
51–70 years
> 70 years

8.1 mg/day of iron
8.1 mg/day of iron
5 mg/day of iron
5 mg/day of iron

The RDA has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
ninety-seven and one-half percentile, and with use of an upper limit
of 18 percent iron absorption and rounding (Appendix Tables I-3
and I-4).
RDA for Men
19–30 years
31–50 years
50–70 years
> 70 years
RDA for Women
19–30 years
31–50 years
51–70 years
> 70 years

8 mg/day of iron
8 mg/day of iron
8 mg/day of iron
8 mg/day of iron
18 mg/day of iron
18 mg/day of iron
8 mg/day of iron
8 mg/day of iron

Pregnancy
Evidence Considered in Estimating the Average Requirement
Factorial modeling is used to estimate median requirements of
pregnant women (see “Selection of Indicators for Estimating the
Requirement for Iron—Factorial Modeling”) with use of the equation:
Requirement for absorbed iron = basal losses +
iron deposited in fetus and related tissues +
iron utilized in expansion of hemoglobin mass.
Basal Losses. Using a body weight of 64 kg for a nonpregnant
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woman and an average basal loss of 14 µg/kg (Green et al., 1968),
basal iron losses were calculated to be 0.896 mg/day (64 kg × 0.014
mg/kg) or approximately 250 mg for the entire pregnancy (280 days).
Fetal and Placental Iron Deposition. Numerous estimates of the iron
content of the fetus and placental tissue exist. In the computation
of the requirements, an estimate of 315 mg has been used (FAO/
WHO, 1988). Bothwell and coworkers (1979) and Bothwell (2000)
offered an estimate of 360 mg/pregnancy (270 + 90), whereas
Hytten and Leitch (1971) suggested a total of 450 mg/pregnancy
(375 + 75) but noted that there were insufficient data to estimate
deposition by trimester. Thus, while there is considerable disagreement regarding these estimates, there are no new data to determine which estimate is more accurate. For this reason, the FAO/
WHO total of 315 mg of iron partitioned by trimester was used.
Increase in Hemoglobin Mass. Although controversy continues, a
general accepted value for iron needed to allow for expansion of
hemoglobin mass is approximately 500 mg (FAO/WHO, 1988).
Hemoglobin mass changes very little during the first trimester but
expands greatly during the second and third trimesters. Information on the precise timing of the increase remains uncertain. For
modeling, an equal division between the second and third trimesters is assumed in keeping with FAO/WHO (1988).
The actual magnitude of hemoglobin mass expansion depends
on the extent of iron supplementation provided (De Leeuw et al.,
1966). Beaton (2000) suggested that for every 10 g/L difference in
the final hemoglobin concentration in the last trimester of pregnancy, there would be a difference of about 175 mg in the estimate
of need for absorbed iron. It follows from this that the estimate of
iron needs in pregnancy is directly dependent upon the cut-off that
is used for hemoglobin concentration. In turn, that cut-off may
depend on whether one believes that the iron needs of pregnancy
can ever be met by diet alone. Evidence is needed concerning the
functional significance of using a somewhat lower cut-off for final
hemoglobin concentration. In this connection, it is to be recognized that by using a high hemoglobin concentration, the efficiency
of dietary iron utilization is being targeted given that iron absorption is strongly affected by body iron status (Beaton, 2000). At this
time, the hemoglobin concentration implied by the reference curve
portrayed in Figure 9-1 is accepted.
With the above estimates, the total usage of iron throughout pregnancy is 250 mg (basal losses) + 320 mg (fetal and placental deposi-
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FIGURE 9-1 Hemoglobin concentrations in healthy, iron-supplemented (100–325
mg/day) pregnant women living in industrialized countries. The upper solid line
represents the median hemoglobin concentration. The lower dashed curve represents the fifth percentile of hemoglobin concentration.
SOURCE: IOM (1993).

tion) + 500 mg (increase in hemoglobin mass), or 1,070 mg. At
delivery, actual loss of iron in blood, including blood trapped in the
placenta, may be in the range of 150 to 250 mg. That implies that of
the 500 mg allowed for erythrocyte mass expansion during pregnancy, as much as 250 to 350 mg remains in the body to revert to
maternal stores. The net cost of pregnancy could then be estimated
as approximately 700 to 800 mg of iron (1,070 – [250 to 350]). This
amount could be seen as the obligatory need for absorbed iron.
Iron is not utilized at a uniform rate during pregnancy. The estimates of deposition of iron in the conceptus by stage of pregnancy
are presented in Table 9-14.
Dietary Iron Bioavailability. The upper limit of dietary iron absorption is approximately 25 percent during the second and third trimesters (Barrett et al., 1994). This may be an underestimate of
efficiency, coupled perhaps with the acceptance of too high a target
for third trimester hemoglobin concentrations.
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Table 9-15 presents a summary of the factorial model for estimation of median physiological needs, and Table 9-16 translates this to
the median dietary iron requirement for pregnant women for each
trimester. The iron requirement for women during the first trimester is less than that for premenopausal women because menstruation has ceased.

TABLE 9-14 Estimated Deposition of Iron in Conceptus by
Stage of Pregnancy
Stage of Pregnancy

Fetus (mg)

Umbilicus and
Placenta (mg)

Total (mg)

First trimester
Second trimester
Third trimester
Total

25
75
145
245

5
25
45
75

30
100
190
320

SOURCE: Based on Bothwell and Charlton (1981).

TABLE 9-15 Summary of Absorbed Iron Requirements in
Pregnant Adult Women

Stage of
Gestation

Basal
Losses
(mg/d)

Erythrocyte
Mass mg/d
(mg/trimester)

Fetus and
Placenta mg/d
(mg/trimester)

Total
Absorbed Iron
Requirement
(mg/d)

First trimester
Second trimester
Third trimester

0.896
0.896
0.896

—
2.7 (250)
2.7 (250)

0.27 (25)
1.1 (100)
2.0 (190)

1.2
4.7
5.6

TABLE 9-16 Dietary Iron Requirement During Pregnancy
Stage of Gestation

Absorbed Iron
Requirement (mg/d)

Absorption
(%)a

Requirement
(mg/d)

First trimester
Second trimester
Third trimester

1.2
4.7
5.6

18
25
25

6.4
18.8
22.4

a Absorption efficiency in the first trimester is as estimated for nonpregnant females; in

the second and third trimesters, the efficiency is increased to 25 percent by the increased demand for iron as part of the physiological regulation of iron flux.
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Estimation of the Variability of Requirements. Several approaches regarding components of variation could be considered in estimating
the CV for iron needs in pregnancy:
• variability of basal requirement based on prepregnancy body
weight; this would then need to be matched with the estimates of
basal losses in nonpregnant females;
• variability of iron in the fetus based on variation in fetal weight
at term; basing variability on birth weight alone would be a conservative (low) approach;
• variability of blood iron based on variation in hemoglobin concentration (SD of about 9 g/L) ignoring variation in blood volume;
and
• variation based on the responses to level of iron supplementation.
The most conservative approach is based on variation in basal loss
and assumes a CV of body weight of 21 percent (see “Adults Ages 19
Years and Older”) and a CV of hemoglobin concentration in ironsupplemented women during the third trimester of about 7 percent
(9 g/L/135 g/L) (Beaton et al., 1989). When these assumptions
are applied, with basal losses based on prepregnancy weight, the iron
need for products of conception is 315 ± 66.2 (SD), and the iron
need for hemoglobin mass expansion is 500 ± 35 (SD). For the total
pregnancy, this model yielded an estimated requirement of 1,055
mg ± 99.2 (SD) (CV, 9.4 percent). Table 9-16 summarizes the average requirement for absorbed and dietary iron for each trimester.
To estimate the needs of pregnant adolescents, the approach
described above was followed with the notable exception that for
adolescents the factorial model included basal losses and iron deposition in tissue as computed for adolescents. The fact that birth
weights for adolescent mothers tend to be lower than for older
women was ignored. In adolescents, the ninety-seven and one-half
percentile of requirement was estimated for each trimester from
simulation models rather than deriving one CV estimate and applying it to all three trimesters.

Iron EAR and RDA Summary, Pregnancy
The EAR and RDA are established by using estimates for the
third trimester to build iron stores during the first trimester of pregnancy.
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EAR for Pregnancy
14–18 years
19–30 years
31–50 years

349

23 mg/day of iron
22 mg/day of iron
22 mg/day of iron

The RDA has been set by modeling the components of iron requirements, estimating the requirement for absorbed iron at the
ninety-seven and one-half percentile, and using an upper limit of 25
percent iron absorption and rounding.
RDA for Pregnancy
14–18 years
19–30 years
31–50 years

27 mg/day of iron
27 mg/day of iron
27 mg/day of iron

Lactation
Evidence Considered in Estimating the Average Requirement
Components of Requirement. Until menstruation resumes, assumed
to be after 6 months of exclusive breast feeding, median iron needs
during lactation are estimated as the sum of iron secretion in human
milk and basal iron losses calculated for nonpregnant, nonlactating
women (0.896 mg/day). The derived estimate of iron secreted in
mature human milk is 0.27 ± 0.089 (SD) mg/day (0.35 mg/L × 0.78
L/day) (Table 9-5 and Chapter 2). Therefore, the median total
requirement for absorbed iron is 1.17 mg/day (0.896 mg/day +
0.27 mg/day). For adolescent lactating mothers, the approach was
identical to the one above except that in addition to basal losses
(0.85 mg/day) and milk secretion (0.27 mg/day), provision was
made for the deposition of iron in tissues (0.001 mg/day) and
hemoglobin mass (0.14 mg/day) (see Table 9-10) as part of expected
growth of the mother. Thus, the median requirement for absorbed
iron is 1.26 mg/day (0.85 + 0.27 + 0.001 + 0.14). Again, a simulation
model was used to derive the ninety-seven and one-half percentile
of need.
Dietary Iron Bioavailability. To estimate the total iron requirement
for lactation, iron secreted in milk and basal iron loss must be added by means of simulated distribution. The resultant distribution of
iron needs, and assuming 18 percent absorption, results in the EARs
and RDAs listed below.
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Estimation of the Variability of Requirements. The variability of requirement was based on basal needs modeled as described for nonpregnant, nonlactating women and milk secretion modeled from
the above distribution. Large breast-feeding studies suggest CVs between 10 and 40 percent (Dewey and Lonnerdal, 1983; Vaughan et
al., 1979). A CV of 30 percent was adopted and iron concentration
of mature human milk, for the purpose of modeling, is taken as
0.35 mg/L assuming normality with a CV of 33 percent.

Iron EAR and RDA Summary, Lactation
EAR for Lactation
14–18 years
19–30 years
31–50 years

7 mg/day of iron
6.5 mg/day of iron
6.5 mg/day of iron

The RDA for iron is set by determining the estimate of requirements at the ninety-seven and one-half percentile.
RDA for Lactation
14–18 years
19–30 years
31–50 years

10 mg/day of iron
9 mg/day of iron
9 mg/day of iron

Special Considerations
Use of Oral Contraceptives and Hormone Replacement Therapy
It has been reported that approximately 17 percent of women in
the United States use oral contraceptives (Abma et al., 1997), which
are known to reduce menstrual blood loss. Although many studies
have documented lower menstrual blood losses among women using
oral contraceptives, only one study actually allowed estimation of
the magnitude of reduction, compared to expected loss. A reanalysis
of data from that study (Nilsson and Solvell, 1967) suggested that a
reasonable estimate of effect would be the equivalent of a 60 percent reduction from expected loss. Therefore, the requirement at
the fiftieth and ninety-seven and one-half percentile for adolescent
girls taking oral contraceptives is 6.9 and 11.4 mg/day, respectively
and 6.4 and 10.9 mg/day for premenopausal women (see Appendix
Table I-4).
Hormone replacement therapy (HRT), which provides estrogen
and progesterone, is commonly practiced by postmenopausal
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women. Some uterine bleeding can occur in some women during
HRT, especially during the first year of therapy (Archer et al., 1999;
MacLennan et al., 1993; Oosterbaan et al., 1995). Therefore, women
on HRT who continue to menstruate may have higher iron requirements than postmenopausal women who are not on HRT.

Vegetarianism
As previously discussed, iron is more bioavailable from meat than
from plant-derived foods. Meat and fish also enhance the absorption of nonheme iron. Therefore, nonheme iron absorption is lower
for those consuming vegetarian diets than for those eating nonvegetarian diets (Hunt and Roughead, 1999). Serum ferritin concentrations have been observed to be markedly lower in vegetarian
men, women, and children than in those consuming a nonvegetarian
diet (Alexander et al., 1994; Dwyer et al., 1982; Shaw et al., 1995).
For these reasons, individuals who typically consume vegetarian
diets may have difficulty consuming adequate intakes of bioavailable iron to meet the EAR. Cook and coworkers (1991) compared
iron bioavailability from single meals with that of a diet consumed
over a 2-week period. There was a 4.4-fold difference between maximally enhancing and maximally inhibiting single meals, but the
difference was only two-fold when measured over the 2-week period.
It is therefore estimated that the bioavailability of iron from a
vegetarian diet is approximately 10 percent, rather than the 18 percent from a mixed Western diet. Hence the requirement for iron is
1.8 times higher for vegetarians. It is important to emphasize that
lower bioavailability diets (approaching 5 percent overall absorption) may be encountered with very strict vegetarianism and in some
developing countries where access to a variety of foods is limited.

Intestinal Parasitic Infection
Intestinal parasites infect approximately 1 billion of the world’s
population. Some of the parasites, particularly hookworm, cause
significant intestinal blood loss. These infections are prevalent in
developing countries where the intake of bioavailable iron is often
inadequate. When possible, the primary intervention should be
elimination of the parasitic infection. In addition, an adequate intake
of bioavailable dietary iron may be necessary to treat iron deficiency.
When bioavailable dietary iron is not available, supplemental iron
may be needed. Various regimens are provided for such groups at
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risk of iron deficiency anemia (Stoltzfus and Dreyfuss, 1998; WHO/
UNICEF/UNU, 1998).

Blood Donation
An annual donation of 0.5 L of blood is equivalent to between
200 and 250 mg of iron, which represents approximately 0.6 to 0.7
mg/day. Blood donors have lower serum ferritin concentrations
than nondonors (Milman and Kirchhoff, 1991a, 1991b). More frequent donations can be problematic, especially for women, resulting in a need for supplemental iron (Garry et al., 1995).

Increased Iron Losses in Exercise and Intense Endurance Training
Many reviewers of the scientific literature conclude that iron status
is marginal or inadequate in a large number of individuals, particularly females, who engage in regular physical exercise (Clarkson
and Haymes, 1995; Raunikar and Sabio, 1992; Weaver and Rajaram,
1992). Dietary intake patterns of these individuals are frequently
suboptimal with a reduced intake of a number of micronutrients.
Weaver and Rajaram (1992) estimated that daily iron losses increase
to 1.75 mg/day in male athletes and to 2.3 mg/day in female athletes
with prolonged training. This is in contrast to a whole body loss of
iron of approximately 1.08 mg/day in males beyond puberty and
1.45 mg/day in menstruating females. Ehn and coworkers (1980)
demonstrated that highly trained, long distance runners have a biologic half-life of body iron of only approximately 1,000 days, a significantly shorter time than the 1,300 and 1,200 days, respectively,
of male and female nonexercisers. Several reviewers of this topic
conclude that increased fecal losses and perhaps sporadic hematuria
contribute to depressed iron stores in athletic segments of the population (Siegel et al., 1979; Stewart et al., 1984). There is a notable
reduction in hematologic parameters that could be the result of
increased intravascular hemolysis of erythrocytes. Many studies have
found an increased rate of erythrocyte turnover and fragility in
athletes (Lampe et al., 1991; Newhouse and Clement, 1995;
Rowland et al., 1991). Thus, several mechanisms by which iron
balance could be affected by intense physical exercise have been
advanced (Fogelholm, 1995; Magnusson et al., 1984; Weight, 1993),
including increased gastrointestinal blood losses after running, and
hemoglobinuria as a result of erythrocyte rupture within the foot
during running. For the above reasons, and based on the strong
whole body iron loss data collected by Ehn and coworkers (1980),
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the EAR for iron will conservatively be 30 percent greater for those
who engage in regular intense exercise. If the estimate of Weaver
and Rajaram (1992) is used, the EAR may be as much as 70 percent
greater in the subpopulation of athletes.

Validation of Requirement Estimates
The theoretical and operational derivation of iron requirement
estimates has been described for each life stage group. Requirements have been based on the estimation of the amount of iron
needed to meet body functions with minimal storage. This level of
nutriture is marked by a serum ferritin concentration of about 15
µg/L in children, adolescents, and adults and by a somewhat lower
concentration (10 to 12 µg/L) in infants. Percentiles of the simulated distributions of requirement are presented in Appendix Tables
I-3 and I-4.
The prevalence of apparently inadequate intakes is estimated
through an assessment of the estimated distribution of usual intakes
and by applying risk tables (Appendix Tables I-5, I-6, I-7) derived
from the estimated requirement distributions and compared with
the estimated prevalence of inadequate iron status based on serum
ferritin concentration (see Table 14-1). The data sets used in this
comparison were USDA CSFII 1994–1996 for iron intake and
NHANES III for serum ferritin concentration. Statistical procedures
were used to derive estimates of the usual iron intake or usual serum
ferritin concentration; the data were also adjusted, with use of
reported weighting factors, to represent the U.S. population and to
compensate for the fact that sampling weights were not identical in
the two data sets. Table 9-17 presents the outcome of this comparison. Considering that the dietary data do not include iron ingested
as direct supplements and that no adjustment for alleged underreporting has been made, the agreement between apparent dietary
inadequacy and apparent biochemical deficiency is reasonable for
most age groups.

Children Ages 1 through 8 Years
The estimated prevalence of inadequate intake is lower (less than
5 percent) than the estimated prevalence of inadequate iron status
for children (Table 9-17). One reason for the lack of congruence
between iron intake and iron status may be the lack of validation of
cut-off concentrations for serum ferritin in young children. Although
studies have confirmed the correlation between a lack of storage
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TABLE 9-17 Comparison of Estimated Prevalence of
Apparently Inadequate Iron Intakes and Serum Ferritin
Concentrations Indicative of Apparent Iron Deficiency, Third
National Health and Nutrition Examination Survey, 1988–1994
Prevalence of Biochemical
Deficiency (%)

Age,
Gender
1–3 y, both
4–8 y, both
9–13 y
Male
Female
14–18 y
Male
Female
19–30 y
Male
Female
31–50 y
Male
Female
51–70 y
Male
Female
71+ y
Male
Female

Usual Intake
(mean ±
standard
deviation)

Prevalence
Apparently
Inadequate
Intakes (%)

Ferritin
Concentration
< 15 µg/L

Ferritin
Concentration
< 10 µg/L

10.9 ± 4.0
13.0 ± 3.9

<5
<5

26
6

13

17.9 ± 5.7
14.1 ± 4.2

<5
<5

<5
8

20.1 ± 6.9
13.4 ± 5.1

<5
10

<5
15

19.6 ± 6.8
13.2 ± 4.1

<5
<5

15
13

19.6 ± 6.8
12.7 ± 4.6

<5
15–20

<5
16

16.9 ± 6.3
12.3 ± 4.1

<5
<5

<5
<5

16.1 ± 7.1
12.4 ± 4.9

<5
<5

<5
<5

NOTE: Data are limited to individuals who provided complete and reliable Day 1 dietary
intake records. Breastfeeding infants and children were excluded from all analyses. The
intake distributions for children 1–3 years of age are unadjusted. Percentiles for these
groups were computed using SAS PROC UNIVARIATE . For all other groups, data were
adjusted using the Iowa State University method using C-Side.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2000.
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iron and low ferritin concentrations, such studies have not been
conducted in children. Thus ferritin concentrations of 10 and 15
µg/L may not be indicative of low iron stores in children.

Children and Adolescents Ages 9 through 18 Years
When the predicted prevalence of inadequate intakes and the
reported prevalence of iron deficiency are compared in those aged
9 through 18 years, agreement is not consistent (Table 9-17). For
example, in girls aged 9 through 13 years, the prevalence of inadequate intake is less than 5 percent, but the prevalence of low serum
ferritin concentration is 8 percent. The lack of congruence of these
results is likely due to the fact that a proportion of girls aged 12 and
13 years have reached menarche and have higher iron requirements
than those who have not reached menarche. There is better congruence between dietary and biochemical estimates for 14- through
18-year-old girls whose iron requirements include menstrual iron
losses. Among boys, the prevalences of inadequate intakes and low
serum ferritin concentrations are both less than 5 percent.

Adults Ages 19 Years and Older
There is congruence between the prevalences of inadequate iron
intakes and low serum ferritin concentrations for men and for preand postmenopausal women (Table 9-17). The prevalence of inadequate iron intakes for premenopausal women is approximately 20
percent and the prevalence of low serum ferritin concentration is
13 to 16 percent, prevalences indicating that the additional iron
requirements due to menstrual losses are not being met in this
group of women.
The overall pattern offers some degree of reassurance that the
general model used to estimate requirements, the specific estimates
of components of that model, and the assumed limits to bioavailability of dietary iron are reasonable.

INTAKE OF IRON

Food Sources
The iron content of vegetables, fruits, breads, and pasta varies
from 0.1 to 1.4 mg/serving. Because most grain products are fortified with iron, approximately one-half of ingested iron comes from
bread and other grain products such as cereals and breakfast bars.
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Some fortified cereals contain as much as 24 mg of iron per 1-cup
serving. Heme iron represents only 7 to 10 percent of dietary iron
of girls and women and only 8 to 12 percent of dietary iron for boys
and men (Raper et al., 1984). Human milk provides approximately
0.27 mg/day (Table 9-5).

Dietary Intake
Data from nationally representative U.S. surveys are available to
estimate iron intakes (Appendix Tables C-18, C-19, D-3, E-5). Data
from these surveys indicate that the median daily intake of dietary
iron by men is approximately 16 to 18 mg/day, and the median
intake by pre- and postmenopausal women is approximately 12 mg/
day. Data from a survey done in two Canadian provinces showed
that the dietary intake of iron by both men and women was slightly
lower than intakes in the United States (Appendix Table F-2). The
median intake of dietary iron by pregnant women was approximately
15 mg/day, which is less than the Estimated Average Requirement
(EAR) of 22 mg/day, indicating the need for iron supplementation
during pregnancy.

Intake from Supplements
Approximately 21 to 25 percent of women and 16 percent of men
were reported to consume a supplement that contains iron (Moss
et al., 1989; see Table 2-2). The median intake of iron from supplements is approximately 1 mg/day for men and women, an amount
based on the difference in median iron intake from food plus supplements and food alone (Appendix Tables C-18 and C-19). The
median iron intake from food plus supplements by pregnant women
is approximately 21 mg/day.

TOLERABLE UPPER INTAKE LEVELS
The Tolerable Upper Intake Level (UL) is the highest level of
daily nutrient intake that is likely to pose no risk of adverse health
effects for almost all individuals. Although members of the general
population should be advised not to routinely exceed the UL, intake
above the UL may be appropriate for investigation within wellcontrolled clinical trials. Clinical trials of doses above the UL should
not be discouraged, as long as subjects participating in these trials
have signed informed consent documents regarding possible toxicity and as long as these trials employ appropriate safety monitoring
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of trial subjects. In addition, the UL is not meant to apply to individuals who receive iron under medical supervision.

Hazard Identification
Iron is a redox-active transition metal. In health, it is carried from
one tissue to another bound to transferrin and stored in cells in the
form of ferritin or hemosiderin. These proteins hold iron in the
ferric state. Kinetic restrictions prevent the iron from being reduced
by cellular reductants, and it is thus shielded from unwanted participation in redox reactions (McCord, 1996). If the transport and
storage mechanisms are overwhelmed, the free iron will immediately
be chelated by cellular compounds, such as citrate or adenosyl
diphosphate, that readily participate in redox reactions catalyzing
the formation of highly toxic free radicals or the initiation of lipid
peroxidation.

Adverse Effects
Acute Effects. There are reports of acute toxicity resulting from
overdoses of medicinal iron, especially in young children (Anderson,
1994; Banner and Tong, 1986; NRC, 1979). Accidental iron overdose is the most common cause of poisoning deaths in children
under 6 years of age in the United States (FDA, 1997). Vomiting
and diarrhea characterize the initial stages of iron intoxication. With
increasing time after ingestion, at least five organ systems can become involved: cardiovascular, central nervous system, kidney, liver,
and hematologic (Anderson, 1994). The severity of iron toxicity is
related to the amount of elemental iron absorbed. Symptoms occur
with doses between 20 and 60 mg/kg with the low end of the range
associated primarily with gastrointestinal irritation while systemic
toxicity occurs at the high end (McGuigan, 1996). These data, however, are not used because acute intake data are not considered in
setting a UL.
Iron-Zinc Interactions. High intakes of iron supplements have been
associated with reduced zinc absorption as measured by changes in
serum zinc concentrations after dosing (Fung et al., 1997; Meadows
et al., 1983; O’Brien et al., 2000; Solomons, 1986; Solomons and
Jacob, 1981; Solomons et al., 1983). However, plasma zinc concentrations are not considered to be good indicators of body zinc stores
(Whittaker, 1998). Studies using zinc radioisotopes showed reduced
zinc absorption when both minerals were administered in the fast-
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ing state at an iron-zinc ratio of 25:1 but not at 1:1 or 2.5:1 (Sandstrom
et al., 1985). When iron and zinc supplements were given with a
meal, however, this effect was not observed. Other investigators have
reported similar observations (Davidsson et al., 1995; FairweatherTait et al., 1995b; Valberg et al., 1984; Walsh et al., 1994; Yip et al.,
1985). A radioisotope-labeling study by Davidsson and coworkers
(1995) showed that fortifying foods such as bread, infant formula,
and weaning foods with iron had no effect on zinc absorption. In
general, the data indicate that large doses of supplemental iron
inhibit zinc absorption if both are taken without food, but do not
inhibit zinc absorption if they are consumed with food. Because
there is no evidence of any clinically significant adverse effect associated with iron-zinc interactions, this effect is not used to determine a UL for iron.
Gastrointestinal Effects. High-dose iron supplements are commonly
associated with constipation and other gastrointestinal (GI) effects
including nausea, vomiting, and diarrhea (Blot et al., 1981; Brock
et al., 1985; Coplin et al., 1991; Frykman et al., 1994; Hallberg et al.,
1966c; Liguori, 1993; Lokken and Birkeland, 1979) (Table 9-18).
Because GI effects are local, the frequency and severity of the effect
depends on the amount of elemental iron released in the stomach
(Hallberg et al., 1966c). The adverse effects of supplemental iron
appear to be reduced when iron is taken with food (Brock et al.,
1985). While most of the observed effects are relatively minor, some
individuals have found them severe enough to stop further supplementation (Frykman et al., 1994).
A single-blinded, 8-week study by Brock et al. (1985) reported
“moderate to severe” GI effects in 50 percent of subjects taking 50
mg/day of elemental iron as ferrous sulfate. This finding is
supported by other better-controlled, prospective studies showing
GI effects at similar doses (Coplin et al., 1991; Frykman et al., 1994;
Lokken and Birkeland, 1979). These data suggest a definite causal
relation between high iron intake and GI effects.
Secondary Iron Overload. Secondary iron overload occurs when the
body iron stores are increased as a consequence of parenteral iron
administration, repeated blood transfusions, or hematological disorders that increase the rate of iron absorption. Although the iron
in patients with secondary iron overload tends to be stored initially
in macrophages where it is less damaging, the typical pathological
consequences of iron overload that are characteristic of hereditary
hemochromatosis may eventually occur.
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Whether an excessive iron intake alone can lead to secondary
iron overload and associated organ damage is unknown. Some individuals appear to control their rates of iron acquisition very effectively in the face of a high iron intake, but as yet there has been no
study with a large number of experimental subjects and a sufficient
duration to be certain of this conclusion. Individuals who are heterozygous for hemochromatosis manifest minor phenotypic expression,
usually a slight to moderate increase in serum ferritin concentrations and transferrin saturation (Bulaj et al., 1996). Iron stores are
modestly increased but do not continue to rise significantly with
increasing age, and the pathological features of homozygous hemochromatosis do not occur.
There is only one clear example of dietary iron overload. The
high prevalence of iron overload in South African and Zimbabwean
blacks is associated with the consumption of traditional beer with
an average iron content of 80 mg/L (Bothwell et al., 1964). The
iron is highly bioavailable and some people may consume several
liters of the beer per day. Iron overload does not occur in members
of the population who are not consuming large quantities of beer
or iron. There is therefore little doubt that the high iron intake
plays a major role in the pathogenesis of sub-Saharan iron overload.
However, intake may not be the only factor. Gordeuk and coworkers
(1992) collected evidence to suggest that there is also a genetic
component involving a gene different from the HFE gene-linked
hereditary hemochromatosis (Feder, 1999).
Cardiovascular Disease. Sullivan (1981) first hypothesized that increased body iron plays a role in the development of coronary heart
disease (CHD). This hypothesis was based on the difference in the
prevalence of ischemic heart disease between men and postmenopausal women, on one hand, and between men and premenopausal
women on the other. According to Sullivan’s hypothesis, the prevalence of CHD is higher in men and increases after menopause in
women as a result of higher body iron stores.
Epidemiological support for this hypothesis was provided by
Salonen and coworkers (1992). In a cohort study, they demonstrated a
significant association between high serum ferritin concentrations
and the risk of myocardial infarction (MI) among middle-aged men
in Finland. Men with serum ferritin concentrations greater than
200 µg/L had a 2.2-fold greater risk of acute MI than men with
levels less than 200 µg/L. The association was even stronger in those
with high cholesterol concentrations. Their original conclusions
were confirmed by a reanalysis of the same group of subjects after a
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TABLE 9-18 Iron and Gastrointestinal (GI) Adverse Effects,
by Increasing Dose

Reference
Coplin et al., 1991

Dose of
Suppleme
Iron (mg

Form of Iron (Fe)
Sample Size

Study Group

Ferrous sulfate
n = 38 women

18–40 y
nonpregnant women

50

Bis-glycino Fe II
(chelated Fe)b
n = 38 women

18–40 y
nonpregnant women

50

Ferrous sulfate
n = 272 women and menc

18–39 y
nonpregnant women

50

Ferrous sulfate in wax matrix
prep (control group)
n = 271 women and menc

18–39 y
nonpregnant women

50

n = 97 (total)

Blood donors

Placebo
n = 46 men
n = 51 women

34–48 y
35–52 y

Ferrous fumarate
n = 23 men
n = 25 women

34–45 y
40–52 y

Randomized doubleblind, cross-over trial

Brock et al., 1985
Single-blind, parallel
group study

Critical Study
Frykman et al., 1994
Controlled, double-blind
crossover study
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ects,

p

Dose of
Supplemental
Iron (mg/d)
50

t women

When Taken

Duration

Results/Comments

Before
breakfast

2 wk

25/38 GI problemsa
7 abdominal pain
10 bloating
13 constipation
9 diarrhea
12 nausea

2 wk

23/38 GI problems
9 abdominal pain
9 bloating
13 constipation
7 diarrhea
9 nausea
No placebo control

50
t women

50

Before
breakfast

8 wk

53 abdominal discomfortd
26 nausea d
5 vomiting
47 constipationd
26 diarrhead

50

Before
breakfast

8 wk

t women

25 abdominal discomfort
11 nausea
3 vomiting
18 constipation
13 diarrhea
Wax matrix coating was used
to help minimize GI distress

rs

Not indicated

4 wk

GI side effects
14% all GI side effectsd
4% nausea
10% gastric pain
20% constipationd
19% diarrhea

Not indicated

4 wk

GI side effects
25% all GI side effectsd
6% nausea
19% gastric pain
35% constipationd
37% diarrhea
continued

t women

60

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

362

DIETARY REFERENCE INTAKES

TABLE 9-18 Continued
Form of Iron (Fe)
Sample Size

Reference
Liguori, 1993

Study Group

Dose of
Suppleme
Iron (mg

ITF 282 (iron protein
15–85 y
succinylate)
n = 549 (64 men; 485 women)

120 (60 m
2× per

Ferrous sulfate-controlled
release
n = 546 (55 men; 491 women)

15–88 y
nonpregnant

105

Blot et al., 1981

Elemental iron
n = 132 pregnant women

27.5 ± 4.5 y

105

Lokken and Birkeland,
1979

Ferrous fumarate
n = 19

18–28 y

120

Placebo
n = 195

Blood donors

Ferrous sulfate
n = 198

Blood donors

Placebo
n = 119

Blood donors

Ferrous sulfate
n = 120

Blood donors

222

Ferrous fumarate
n = 118

Blood donors

222

Ferrous gluconate
n = 120

Blood donors

222

Double-blind,
randomized,
multicenter study

Double-blind, cross-over

Hallberg et al., 1966c (I)

Hallberg et al., 1966c (II)
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Dose of
Supplemental
Iron (mg/d)

When Taken

Duration

Results/Comments

120 (60 mg
2× per day)

Before
breakfast
and before
dinner

8.5 wk

63/546 (11%) GI side effects
31 epigastric pain
23 constipation
32 abdominal pain
14 nausea
25 heartburn

105

Before
breakfast

8.5 wk

127/549 (26%) GI side effectsd
23 constipation
31 abdominal pain
14 nausea
33 heartburn
No placebo control

105

90 d

14% had severe alimentary side
effects
No placebo control

120

8 wk

5/19 GI distress
1 diarrhea
1 epigastric pain
3 constipation

t

2/19 GI distress (placebo)
2 epigastric pain and constipation

rs

rs

222

rs

14 d

GI side effects
14% (6 men, 17 women)

14 d

GI side effects
23% (6 men, 34 womend)

14 d

GI side effects
14% (2 men, 16 women)

rs

222

14 d

GI side effects
28% (5 men, 26 womend)

rs

222

14 d

GI side effects
26% (4 men, 25 womend)

rs

222

14 d

GI side effects
31% (8 men, 27 womend)
continued
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TABLE 9-18 Continued
Form of Iron (Fe)
Sample Size

Reference
Hallberg et al., 1966c (III)

Study Group

Dose of
Suppleme
Iron (mg

Placebo
n = 200

Blood donors

Ferrous sulfate
n = 195

Blood donors

180

Ferrous glycine sulfonate
n = 200

Blood donors

180

Ferrous gluconate

Blood donors

a Coplin et al. (1991) observed no statistically significant difference in frequency of side

effects for the different preparations.
b The iron glycine chelate has been shown to be more bioavailable than the sulfate.

5-year follow-up (Salonen et al., 1994). Another prospective cohort
study reported an association between high serum ferritin concentrations and carotid vascular disease (Kiechl et al., 1997). However,
several other large prospective cohort studies failed to demonstrate
a significant relationship between serum ferritin concentrations and
increased risk for CHD (Aronow and Ahn, 1996; Frey and Krider,
1994; Magnusson et al., 1994; Manttari et al., 1994; Stampfer et al.,
1993) (Table 9-19).
The relationships between various other measures of iron status
(e.g., serum transferrin saturation, serum iron concentration, and
total iron-binding capacity) and CHD severity, incidence, or mortality have been examined in other prospective cohort studies. Investigators reported that transferrin saturation (Liao et al., 1994), serum
iron concentrations (Liao et al., 1994; Morrison et al., 1994;
Reunanen et al., 1995), and total iron-binding capacity (Magnusson
et al., 1994) were related to CHD (Tables 9-19 through 9-22). However, some of these same studies and several other large prospective
cohort studies failed to demonstrate any relationship with transferrin
saturation (Baer et al., 1994; Reunanen et al., 1995; Sempos et al.,
1994; Van Asperen et al., 1995) or total iron-binding capacity (Liao
et al., 1994; Reunanen et al., 1995; Van Asperen et al., 1995).
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Dose of
Supplemental
Iron (mg/d)

When Taken

rs

Duration

Results/Comments

14 d

GI side effects
12% (6 men, 16 women)

rs

180

14 d

GI side effects
26% (15 men, 30 women)

rs

180

14 d

GI side effects
24% (11 men, 33 women)

rs

GI side effects
27% (9 men, 39 women)
c The 543 subjects evaluated in this study comprised 484 nonpregnant, premenopausal

women and 59 men, aged 18 to 39 years.
d Statistically significant difference (p < 0.05) in frequency of side-effects between the

iron and the placebo group.

Danesh and Appleby (1999) recently conducted a systematic
assessment of 12 prospective epidemiological studies of iron status
and CHD. They concluded that these studies do not support a
strong association between iron status and CHD.
There was no association between CHD and heterozygosity in two
studies (Franco et al., 1998; Nassar et al., 1998). Two subsequent
surveys from Europe demonstrated a two-fold increase in acute MI
in heterozygous men (Tuomainen et al., 1999) and a 1.6-fold increase in overall CHD mortality in heterozygous women (Roest et
al., 1999). In summary, the currently available data do not provide
convincing support for an association between high body iron stores
and increased risk for CHD.
Taken as a whole, this body of evidence does not provide convincing support for a causal relationship between the level of dietary
iron intake and the risk for CHD. However, it is also important to
note that the evidence is insufficient to definitively exclude iron as
a risk factor. Several studies suggest that the serum ferritin concentration is directly correlated with the risk for CHD. However, serum
ferritin concentrations are affected by several factors other than
dietary iron intake. The significance of the high serum ferritin concentrations that have been observed in population surveys and the
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TABLE 9-19 Serum Ferritin Concentration and
Cardiovascular Disease
Disease
Outcomeb

Other Ris
Factors A

51 M
(42, 48, 54,
or 60 y)

MI

Age, exam
ischem
G, HDL

About 10 y

238 M w/MI
238 M controls
(40–84 y)

MI

S, age, ot
risk fac

Frey and Krider, Prospective
1994
cohort

1–10 y
(mean 5 y)

298 M
(42–60 y)g

MI (in 32 of
298 M)

Reviewed
Ch, G,

Magnusson
et al., 1994

Prospective
cohort

8.5 y

81 M
18 W
(25–74 y)

MI

Age, othe
parame
HDL

Manttari et al.,
1994

Nested
case-control

5y

136 cases
(M, 49 y)
132 controls
(M, 47 y)

CHD

Age, BM,
HDL, T

Salonen et al.,
1994

Prospective
cohort

5y

83 M

MI

Aronow and
Ahn, 1996

Prospective
cohort

3y

171 M
406 W
(62–100 y)

New CHD
events

Age, sex,
CHD

Kiechl et
al., 1997

Prospective
cohort

5y

826 M/W
(40–79 y)

Carotid
atherosclerosis

Age, S, C
Alc, Hb
Hyp

Study

Type of Study

Follow-up

Subjectsa

Salonen et al.,
1992

Prospective
cohort

3y

Stampfer et al.,
1993

Nested
case-controle

a M = men, W = women.
b MI = myocardial infarction, CHD = coronary heart disease.
c S = smoking, ECG = echocardiogram, BP = blood pressure, G = blood glucose, HDL =

high density lipoprotein, TG = triglyceride concentration, AB = apolipoprotein B, L =
blood leukocyte count, Fe = serum iron, Ch = total cholesterol, BM = body mass, Hb =
hemoglobin concentration, Alc = alcohol intake, AA-1 = Apolipoprotein A-1, Hyp =
hypertension.
d Amount provided as mean concentrations.
e The blood samples were collected in 1982 from 14,916 men aged 40–84 years without
prior MI or stroke.
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Other Risk
Factors Assessedc

Ferritin
Concentration
(µg/L) d

Association

Age, exam year, S,
ischemic ECG test, BP,
G, HDL, TG, AB, L

> 200

Elevated ferritin concentration was a
strong risk factor for acute MI
(relative risk [RR] = 2.2) compared
to men with lower ferritin levels

S, age, other coronary
risk factors

250 cases
222 controls
(p = 0.08)f

No association was observed between
serum ferritin concentration and
risk of myocardial infarction

Reviewed med. charts for
Ch, G, L, lipid profile

156 all
148 cases

No association of serum ferritin with
risk of MI

Age, other Fe
parameters, BP, S, Ch,
HDL

198 (M)
91 (W)

No association between serum
ferritin and MI, RR = 0.99

Age, BM, BP, Ch, Hb,
HDL, TG, L, S

84 cases
85 control

No association between serum
ferritin concentration and risk of
CHD

≥ 200

Elevated ferritin concentration was a
strong risk factor for acute MI
compared to men with lower
ferritin levelsh
No association with new CHD events

w CHD
vents

Age, sex, S, prior
CHD

143 M-CHD
146 M-no
new events
122 W-CHD
128 W-no
new events

otid
theroclerosis

Age, S, Ch, BP, G,
Alc, Hb, AB, AA-1,
Hyp

185 with
Serum ferritin was a strong predictor
atheroof atherosclerosis
sclerosis
114 no atherosclerosis

f After adjusting for other coronary risk factors (aside from age and smoking), men with
levels ≥ 200 µg/L had an relative risk of 1.1 compared with those having lower levels.
g These patients were from two southern West Virginia counties with a high number of
mine workers who had been exposed to mine dust.
h This association remained statistically significant when the following risk factors were
added to the model individually and together: systolic blood pressure, height, weight,
body mass index, serum apolipoprotein B concentration, concentrations of triglycerides
and HDL2 subfraction of high-density lipoprotein cholesterol, plasma fibrinogen concentration, ischemia on exercise testing, maximal oxygen uptake, energy, and saturated
fat intake.
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TABLE 9-20 Transferrin Saturation and Coronary Heart Disease
Follow-up
(y)

Disease
Outcomeb

Adjusted
These Fac

46,932
(≥ 30 y)

MI

Age, race
educati
history
diabete
systolic

13

4,237
(40–74 y)

MI, CHD

Age, S, C
educati

Cohort

13

4,518
(47–74 y)

CHD, MI

Age, diab
educati

Reunanen et
al., 1995

Prospective
cohort

14

6,086 M
6,102 W
(45–64 y)

Mortality
from CHD

S, BP, BM
history
disease

Van Asperen
et al., 1995

Cohort

17

129 M
131 W
(64–87 y)

Mortality
from IHD

Age, S, A
Ch, BM
diabete

Study

Type of Study

Baer et al.,
1994

Retrospective
cohort

14

Liao et al.,
1994

Follow-up

Sempos et
al., 1994

Subjects a

a M = men, W = women.
b MI = myocardial infarction, CHD = coronary heart disease, IHD = ischemic heart disease.

TABLE 9-21 Serum Iron Concentration and Cardiovascular
Disease
Follow-up
Period (y)

Disease
Outcomeb

Adjusted
These Fac

1,827 M
2,410 W
(40–74 y
at baseline)

MI, CHD

Age, systo
educati

15

10,000

MI

Age, S, B
diabete

15

6,086 M
6,102 W

CHD

Age, Ch,
diabete

Study

Type of Study

Liao et al.,
1994

Prospective
cohort

13

Morrison et al.,
1994

Cohort

Reunanen et
al., 1995

Prospective
cohort

Subjectsa

a M = men, W = women.
b MI = myocardial infarction, CHD = coronary heart disease.
c BP = blood pressure, Ch = total cholesterol, S = smoking.
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Disease

ease
tcomeb

Adjusted for
These Factorsc

Intake
Values

Age, race, S, Alc,
education, family
history of CAD and
diabetes, G, Ch, BMI,
systolic BP

Not provided

Relative risk = 1.3
The relative risk for subjects with
increased iron stores (TS ≥ 62%)
was not statistically significant

Age, S, Ch, systolic BP,
education

Not provided

Transferrin saturation inversely
related to CHD; not related to MI

D, MI

Age, diabetes, BP, S, Ch,
education

Not provided

Transferrin saturation is not related
to CHD or MI risk in men or
women

rtality
om CHD

S, BP, BMI, diabetes,
history of heart
disease

Mean Fe
intakes:
17 mg (M)
13 mg (W)

Transferrin saturation was inversely
but not significantly associated
with CHD mortality

rtality
om IHD

Age, S, Alc, systolic BP,
Ch, BMI, history of
diabetes and IHD

Not provided

No significant association between
transferrin saturation and
ischemic heart disease

CHD

Association

c S = smoking, Alc = alcohol intake, CAD = coronary artery disease, G = blood glucose,

Ch = total cholesterol, BMI = body mass index, BP = blood pressure.

ular

ease
tcomeb
CHD

D

Adjusted for
These Factorsc

Relative Risk and Associations

Age, systolic BP, Ch, S,
education

Inversely associated with MI and CHD in women
(0.82 and 0.86; p < 0.01)
Inversely associated with CHD in men
(0.92; p = 0.065)

Age, S, BP, Ch,
diabetes status

Serum iron significantly associated with risk of MI,
rate ratio = 2.18 (men); 5.53 (women)
No association between risk of acute MI and dietary
or supplemental iron intake

Age, Ch, BP, S,
diabetes, obesity

Risk for CHD mortality was highest in the lowest
serum iron quartile
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TABLE 9-22 Total Iron-binding Capacity and Cardiovascular
Disease
Study

Type of Study

Follow-up
Period (y)

Disease
Outcomeb

Adjusted
These Fac

Liao et al.,
1994

Cohort

13

1,827 M
2,410 W

CHD, MI

Age, systo
educati

Magnusson
et al., 1994

Prospective
cohort

8.5

2,036 M/W
(25–74 y)

MI incidence

Age, sex,
triglyce
serum f
(ferritin
leukocy

Reunanen
et al., 1995

Prospective
cohort

14

6,086 M
6,102 F
(45–64 y at
baseline)

CHD
mortality

S, BP, BM
history
disease

Van Asperen
et al., 1995

Prospective
cohort

17

129 M
131 W
(64–87 y)

IHD
mortality

Age, S, A
Ch, BM
of diab

Subjectsa

a M = men, W = women.
b CHD = coronary heart disease, MI = myocardial infarction, IHD = ischemic heart

disease.

nature of the relationship between serum ferritin concentration and
CHD risk remain to be determined.
Cancer. The increased risk for hepatocellular carcinoma in individuals with hereditary hemochromatosis and cirrhosis is well established (Powell, 1970). The evidence for an association between
advanced hereditary hemochromatosis and other types of cancer is
less certain. One large controlled study failed to demonstrate an
increased incidence of extrahepatic malignancies (Niederau et al.,
1985) whereas others have reported higher risk (Bomford and
Williams, 1976; Hsing et al., 1995).
Several epidemiological studies have reported a positive correlation between measures of iron status and cancer in the general
population. Stevens and coworkers (1988) reported serum transferrin saturation to be significantly higher among men who had
cancer than among men who remained free of cancer. Further anal-
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cular

ease
tcomeb

Adjusted for
These Factorsc

D, MI

Age, systolic BP, Ch,
education, S

Total iron binding capacity not related to MI or CHD

incidence

Age, sex, Ch, HDL,
triglycerides, BP,
serum ferritin, log
(ferritin), Fe, Hb,
leukocyte count

Total iron binding capacity was a significant
(p = 0.007) independent negative risk factor for
CHD

D
mortality

S, BP, BMI, diabetes,
history of heart
disease

No relationship between total iron binding capacity
and CHD mortality in men; an inverse
(nonsignificant) association found in women

D
mortality

Age, S, Alc, systolic BP,
Ch, BMI, prevalence
of diabetes, IHD

No clear association between total iron binding
capacity and IHD

Association

c BP = blood pressure, Ch = total cholesterol, S = smoking, HDL = high density lipo-

protein cholesterol, Fe = serum iron, Hb = hemoglobin concentration, BMI = body
mass index, Alc = alcohol intake.

ysis of these data showed a significant positive correlation between
transferrin saturation and cancer risk for both men and women
(Stevens et al., 1994). However, these findings were not confirmed
when follow-up was extended to 17 years and upon reanalysis of the
data (Sempos et al., 1994).
Selby and Friedman (1988) found a lower incidence of cancer in
iron-depleted women, but the possible confounding effect of cigarette smoking was not eliminated in this study. Another prospective
study found significantly higher serum iron concentrations in individuals with colorectal cancer than in control subjects (Wurzelmann
et al., 1996), but the differences in the serum iron concentrations
were small and well within the normal range for the general population. The biological relevance of this finding is therefore questionable.
Nelson and coworkers (1994) reported an apparent association
between serum ferritin concentrations and adenoma of the colon
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in a case-control study of 264 men and 98 women. This association
was independent of other risk factors including smoking, gender,
and alcohol consumption. In a later study in heterozygous carriers
of the gene for hemochromatosis, Nelson and coworkers (1995)
found a small, but statistically significant increase in the apparent
relative risk for colorectal cancer, hematological malignancy,
colonic adenomas, and stomach cancer.
There is no doubt that iron accumulation in the liver is a risk
factor for hepatocellular carcinoma in patients with hemochromatosis. However, the evidence for a relationship between dietary iron
intake and cancer, particularly colon cancer, in the general population is inconclusive.

Identification of Distinct and Highly Sensitive Subpopulations
Between 1 in 200 and 1 in 400 individuals of northern European
descent are affected by an autosomal, recessive disorder known as
hereditary hemochromatosis (Bacon et al., 1999). In populations of
Celtic extraction, a single missense mutation of the hemochromatosis
(HFE) gene (C282Y) is found in over 90 percent of affected individuals. A few patients with hemochromatosis are compound heterozygotes for C282Y and a second mutation, H63D, which is relatively
common in the general population (Beutler et al., 2000), but on its
own does not appear to cause iron overload (Worwood, 1999). The
remaining patients lack an identified mutation suggesting evidence
of other undiscovered genetic disorders. The clinical disorder is
characterized by excessive absorption of food iron associated with
the failure to store the additional iron in reticuloendothelial cells.
The iron intake of these individuals is in the normal range. Iron
accumulation occurs at a rate of about 2 mg/day with the development of clinical manifestations between the fourth and sixth decades
of life. At this stage, the total body iron burden may reach 20 to 30 g.
The additional iron is stored preferentially in parenchymal cells.
Extensive organ damage is the result. If untreated, the disorder
results in cirrhosis of the liver, primary liver cancer, myocardial
injury with congestive cardiopathy and heart failure, and damage to
endocrine organs, particularly the pancreatic islets and the anterior
pituitary gland, with resultant diabetes and impotence or amenorrhea (Bothwell and MacPhail, 1998; Walker et al., 1998). Arthritis
and increased pigmentation of the skin are also characteristic findings (Bothwell et al., 1979; Olynyk et al., 1999). Individuals with
hereditary hemochromatosis as described above (i.e., homozygotes
for the HFE gene) are considered distinct and exceptionally sensi-
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tive to the effects of iron overload; therefore, they were not considered in deriving a UL for the general healthy population. Effective
and widespread screening for early detection of hemochromatosis
is needed so that studies investigating the adverse effects of dietary
iron in individuals with this disorder will be useful in setting a UL
for this subpopulation.

Summary
Gastrointestinal side effects were selected as the critical adverse
effects on which to base the UL for iron. Although gastrointestinal
distress is not a serious side effect when compared with the possible
risk for vascular disease and cancer, the other side effects considered (impaired zinc absorption, increased risk for vascular disease
and cancer, and systemic iron overload) did not permit the determination of a UL. Gastrointestinal distress is primarily observed in
individuals who have consumed high levels of supplemental iron on
an empty stomach. Large doses of iron supplements may inhibit
zinc absorption when both are consumed in the fasting state, but
zinc absorption is not impaired when supplementary iron is taken
with meals. The relationship between iron intake and both vascular
disease and cancer is unclear at the present time. With the possible
exception of individuals living in Southern Africa who suffer from
sub-Saharan iron overload, iron overload has not been shown to
result solely from a high dietary iron intake. Moreover, no differences were found in the serum ferritin concentrations between individuals who fell in the lower and upper quartiles for total dietary
iron intake in the Third National Health and Nutrition Examination Survey (NHANES III) (Appendix Table H-5). Heterozygous
carriers of the C282Y mutation most commonly associated with
hereditary hemochromatosis could be at increased risk for accumulating harmful amounts of iron, but there are no direct observations to confirm this suspicion. Homozygotes and individuals with
other iron-loading disorders may not be protected by the UL and
are addressed under “Special Considerations”.

Dose-Response Assessment
Adults
Data Selection. The data on GI effects following supplemental intakes of iron salts were used to derive a UL for iron for apparently
healthy adults.
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Identification of a No-Observed-Adverse-Effect Level (NOAEL) and a
Lowest-Observed-Adverse-Effect Level (LOAEL). A LOAEL of 60 mg/day
of supplemental iron salts was identified on the basis of a controlled,
double-blind study by Frykman and coworkers (1994). They evaluated
GI effects in 97 Swedish adult men and women after intake of either
a nonheme iron supplement (60 mg/day as iron fumarate), a supplement containing both heme iron and nonheme iron (18 mg/
day, 2 mg from porcine blood and 16 mg as iron fumarate), or a
placebo. The groups were similar with respect to gender, age, and
basic iron status. The frequency of constipation and the total
incidence of all side effects were significantly higher among those
receiving nonheme iron than among those receiving either the combination of heme and nonheme iron or the placebo (Table 9-18).
Although most of the reported GI effects were minor, five individuals
found them to be severe enough to stop taking the medication.
Four of these withdrawals occurred during the nonheme-containing
iron treatment and one occurred just after changing from the
nonheme-containing iron treatment to the placebo.
To estimate a LOAEL for total iron intake, the LOAEL for supplemental ferrous fumarate intake of 60 mg/day for Swedish men and
women was added to 11 mg/day, the estimated mean iron intake
from food in women from six European countries (Van de Vijver et
al., 1999) and in men from Denmark (Bro et al., 1990). The LOAEL
for total intake is therefore approximately 70 mg/day (11 + 60). It
was not possible to identify a NOAEL based on the data on GI
effects. Therefore, the LOAEL of 70 mg/day was used to derive a
UL. There is supportive evidence for a LOAEL of 50 to 120 mg/day
of supplemental iron salts from several other prospective studies
(Brock et al., 1985; Coplin et al., 1991; Liguori, 1993; Lokken and
Birkeland, 1979). However, these studies either failed to include a
placebo control or contained fewer subjects than the study by
Frykman and coworkers (1994).
Uncertainty Assessment. An uncertainty factor (UF) of 1.5 was selected
to account for extrapolation from a LOAEL to a NOAEL. Because
of the self-limiting nature of the observed GI effects, a higher UF
was not justified.
Derivation of a UL. The LOAEL of 70 mg/day was divided by a UF
of 1.5 to obtain a LOAEL and UL value of 45 mg/day of iron, after
rounding.
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UL = LOAEL = 70 mg/day ≅ 45 mg/day
UF
1.5

Iron UL Summary, Ages 19 Years and Older
UL for Adults
≥ 19 years

45 mg/day of iron

Pregnancy and Lactation
Data are limited on GI effects in pregnant and lactating women.
Rybo and Solvell (1971) compared the side effects of ferrous sulfate, sustained release iron, and placebo in pregnant women. They
found that the frequency of severe nausea or vomiting, or both, was
significantly higher when 200 mg/day of elemental iron as ferrous
sulfate was given than when placebo was given. The lack of data
involving doses less than 100 mg/day in pregnant women presents
uncertainty as to what dose constitutes a NOAEL for pregnant women.
In the absence of data from studies involving lower doses, the UL
for nonpregnant and nonlactating adult women (45 mg/day) was
specified for pregnant and lactating women as well.

Iron UL Summary, Pregnancy and Lactation
UL for Pregnancy
14–18 years
19–50 years

45 mg/day of iron
45 mg/day of iron

UL for Lactation
14–18 years
19–50 years

45 mg/day of iron
45 mg/day of iron

Infants, Children, and Adolescents
Data Selection. Data from several studies in infants and young children (Burman, 1972; Farquhar, 1963; Fuerth, 1972; Reeves and Yip,
1985) were judged appropriate for use in deriving a UL for infants
and children, and in aggregate they define a dose-response relationship.
Identification of a NOAEL and a LOAEL. No adverse GI effects were
reported when 1-month-old infants were supplemented with 5 mg/
day of nonheme iron for up to 1 year (Farquhar, 1963) and when 3-
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month-old infants were supplemented with 10 mg/day of nonheme
iron for up to 21 months (Burman, 1972) (i.e., no adverse effects as
compared with infants supplemented with a placebo). Using a higher
dose of supplemental nonheme iron (30 mg/day) for 18 months,
Farquhar (1963) reported no adverse GI effects in 132 infants.
Similarly, no significant adverse GI effects were reported when 124
infants 11 to 14 months of age were supplemented with 3 mg/kg
body weight/day (approximately 30 mg/day) of nonheme iron for
3 months (Reeves and Yip, 1985). The median intake of iron for
infants, aged 11 to 14 months, is approximately 10 mg/day. Thus,
the above human data suggest that an intake of 40 mg/day would
be a NOAEL for infants and young children.
Uncertainty Assessment. There is little uncertainty regarding the
range of intakes that is likely to induce GI effects in infants and
young children. Therefore a UF of 1 is specified.
Derivation of a UL. The NOAEL of 40 mg/day was divided by a UF
of 1, resulting in a UL of 40 mg/day of supplemental nonheme iron
for infants and young children. Because the safety of excess supplemental nonheme iron in children aged 4 through 18 years has not
been studied, a UL of 40 mg/day is recommended for children 4
through 13 years of age, and the adult UL of 45 mg/day is recommended for adolescents.

Iron UL Summary, Ages 0 through 18 Years
UL for Infants
0–12 months

40 mg/day of iron

UL for Children
1–3 years
4–8 years
9–13 years

40 mg/day of iron
40 mg/day of iron
40 mg/day of iron

UL for Adolescents
14–18 years

45 mg/day of iron

Special Considerations
Individuals with the following conditions are susceptible to the
adverse effects of excess iron intake: hereditary hemochromatosis;
chronic alcoholism, alcoholic cirrhosis, and other liver diseases;
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iron-loading abnormalities, particularly thalassemias; congenital
atransferrinemia; and aceruloplasminemia (Fairbanks, 1999). These
individuals may not be protected by the UL for iron. A UL for
subpopulations such as persons with hereditary hemochromatosis
can not be determined until information on the relationship between iron intake and the risk of adverse effects from excess iron
stores becomes available.
A body of experimental evidence suggests that intermittent dosing
(once or twice per week) of iron supplements may be an effective
means of controlling iron deficiency in developing countries (Beaton
and McCabe, 1999). Under these circumstances, individuals receiving intermittent doses of iron supplements may exceed the UL.
The effects of intermittent dosing on gastrointestinal side effects
has not been studied adequately.

Intake Assessment
Based on distribution data from NHANES III (Appendix Table
C-19), the highest median reported intake of iron from food and
supplements for all life stage and gender groups, excluding pregnancy and lactation, was approximately 19 mg/day. This was the
median intake reported by men 31 through 50 years of age. The
highest intake from food and supplements at the ninetieth percentile reported for any life stage and gender group, excluding pregnancy and lactation, was approximately 34 mg/day for men 51 years
of age and older. This value is below the UL of 45 mg/day. Between
50 and 75 percent of pregnant and lactating women consumed iron
from food and supplements at a level greater than 45 mg/day, but
iron supplementation is usually supervised in pre- and postnatal
care programs.

Risk Characterization
Based on a UL of 45 mg/day of iron for adults, the risk of adverse
effects from dietary sources appears to be low. Gastrointestinal distress does not occur from consuming a diet containing naturally
occurring or fortified iron. Individuals taking iron salts at a level
above the UL may encounter gastrointestinal side effects, especially
when taken on an empty stomach. Twenty-five percent of men aged
31 to 50 years in the United States have ferritin concentrations
greater than 200 µg/L (Appendix Table G-3), which may be a risk
factor for cardiovascular disease (Sullivan, 1981). This prevalence is
higher in men older than 50 years. However, the significance of
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these high ferritin concentrations and their relationship to dietary
iron intake is uncertain. Nevertheless, the association between a
high iron intake and iron overload in sub-Saharan Africa makes it
prudent to recommend that men and postmenopausal women avoid
iron supplements and highly fortified foods. Currently, doses equal to
or greater than the UL are used for the treatment of iron deficiency
anemia. The UL is not meant to apply to individuals who are being
treated with iron under close medical supervision.

RESEARCH RECOMMENDATIONS FOR IRON
• Determination of the significance of high ferritin concentration.
• Investigation of the effect of iron absorption and dietary iron
on phenotypic expressions in individuals with hereditary hemochromatosis.
• Research to distinguish between hereditary hemochromatosis
and iron overload.
• Study of the effect of limited iron intake during pregnancy on
infant iron status during the first 6 months of life.
• Bioavailability of supplemental iron.
• Concurrence on valid indicators for assessing the effect of iron
deficiency anemia on cognitive development and function.
• The risk of cardiovascular disease for those with high stores of
body iron.
• The relationship between high iron stores in men and the bioavailability of dietary iron and impaired regulation of iron balance.
• The relationship between iron consumption and oxidative
cellular damage.
• Integrative mechanisms of iron transporter proteins that influence gastrointestinal absorption in various dietary conditions and
physiologic states.

REFERENCES
AAP (American Academy of Pediatrics). 1999. Iron fortification of infant formulas.
Pediatrics 104:119–123.
Abma JC, Chandra A, Mosher WD, Peterson LS, Piccinino LJ. 1997. Fertility, family
planning, and women’s health: New data from the 1995 National Survey of
Family Growth. Vital Health Stat 23:1–114.
Abrams SA, Wen J, Stuff JE. 1997. Absorption of calcium, zinc, and iron from
breast milk by five- to seven-month-old infants. Pediatr Res 41:384–390.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

379

Akesson A, Bjellerup P, Berglund M, Bremme K, Vahter M. 1998. Serum transferrin receptor: A specific marker of iron deficiency in pregnancy. Am J Clin Nutr
68:1241–1246.
Alexander D, Ball MJ, Mann J. 1994. Nutrient intake and haematological status of
vegetarians and age-sex matched omnivores. Eur J Clin Nutr 48:538–546.
Allen LH. 1993. Iron-deficiency anemia increases risk of preterm delivery. Nutr Rev
51:49–52.
Allen LH. 1997. Pregnancy and iron deficiency: Unresolved issues. Nutr Rev 55:91–
101.
Allen LH. 2000. Anemia and iron deficiency: Effects on pregnancy outcome. Am J
Clin Nutr 71:1280S–1284S.
Allen LH, Ahluwalia N. 1997. Improving Iron Status through Diet. The Appilcation of
Knowledge Concerning Dietary Iron Bioavailability in Human Populations. OMNI
Technical Papers, No. 8. Arlington, VA: John Snow International.
Ames SK, Gorham BM, Abrams SA. 1999. Effects of high compared with low
calcium intake on calcium absorption and incorpration of iron by red blood
cells in small children. Am J Clin Nutr 70:44–48.
Anderson AC. 1994. Iron poisoning in children. Curr Opin Pediatr 6:289–294.
Anderson RR. 1993. Longitudinal changes of trace elements in human milk during the first 5 months of lactation. Nutr Res 13:499–510.
Andersson H, Navert B, Bingham SA, Englyst HN, Cummings JH. 1983. The effects
of breads containing similar amounts of phytate but different amounts of
wheat bran on calcium, zinc and iron balance in man. Br J Nutr 50:503–510.
Ansell JE, Wheby MS. 1972. Pica: Its relation to iron deficiency. A review of the
recent literature. Va Med Mon 99:951–954.
Archer DF, Dorin MH, Heine W, Nanavati N, Arce JC. 1999. Uterine bleeding in
postmenopausal women on continuous therapy with estradiol and norethindrone acetate. Obstet Gynecol 94:323–329.
Aronow WS, Ahn C. 1996. Three-year follow-up shows no association of serum
ferritin levels with incidence of new coronary events in 577 persons aged ≥ 62
years. Am J Cardiol 78:678–679.
Bacon BR, Olynyk JK, Brunt EM, Britton RS, Wolff RK. 1999. HFE genotype in
patients with hemochromatosis and other liver diseases. Ann Intern Med
130:953–962.
Baer DM, Tekawa IS, Hurley LB. 1994. Iron stores are not associated with acute
myocardial infarction. Circulation 89:2915–2918.
Banner W Jr, Tong TG. 1986. Iron poisoning. Pediatr Clin North Am 33:393–409.
Barrett JF, Whittaker PG, Williams JG, Lind T. 1994. Absorption of non-haem iron
from food during normal pregnancy. Br Med J 309:79–82.
Beaton GH. 1974. Epidemiology of iron deficiency. In: Jacobs A, Worwood M, eds.
Iron in Biochemistry and Medicine. London: Academic Press. Pp. 477–528.
Beaton GH. 2000. Iron needs during pregnancy: Do we need to rethink our targets? Am J Clin Nutr 72:265S–271S.
Beaton GH, McCabe GP. 1999. Efficacy of Intermittent Iron Supplementation in the
Control of Iron Deficiency Anemia in Developing Countries: An Analysis of Experience.
Report to the Micronutrient Initiative and the Canadian International Development Agency. Ottawa: International Development Research Centre.
Beaton GH, Thein M, Milne H, Veen MJ. 1970. Iron requirements of menstruating
women. Am J Clin Nutr 23:275–283.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

380

DIETARY REFERENCE INTAKES

Beaton GH, Corey PN, Steeles C. 1989. Conceptual and methodological issues
regarding the epidemiology of iron deficiency and their implications for studies of the functional consequences of iron deficiency. Am J Clin Nutr 50:575–
588.
Behall KM, Scholfield DJ, Lee K, Powell AS, Moser PB. 1987. Mineral balance in
adult men: Effect of four refined fibers. Am J Clin Nutr 46:307–314.
Beutler E, Felitti V, Gelbart T, Ngoc H. 2000. The effect of HFE genotypes on
measurements of iron overload in patients attending a health appraisal clinic.
Ann Intern Med 133:329-337.
Bjorn-Rasmussen E, Hallberg L, Isaksson B, Arvidsson B. 1974. Food iron absorption in man. Applications of the two-pool extrinsic tag method to measure
heme and non-heme iron absorption from the whole diet. J Clin Invest 53:247–
255.
Blot I, Papiernik E, Kaltwasser JP, Werner E, Tchernia G. 1981. Influence of routine administration of folic acid and iron during pregnancy. Gynecol Obstet
Invest 12:294–304.
Bomford A, Williams R. 1976. Long term results of venesection therapy in idiopathic haemochromatosis. Q J Med 45:611–623.
Bothwell TH. 2000. Iron requirements in pregnancy and strategies to meet them.
Am J Clin Nutr 72:257S–264S.
Bothwell TH, Charlton RW. 1981. Iron Deficiency in Women. Washington, DC: The
Nutrition Foundation. Pp. 7–9.
Bothwell TH, Finch CA. 1962. Iron Metabolism. Boston: Little, Brown.
Bothwell TH, MacPhail AP. 1998. Hereditary hemochromatosis: Etiologic, pathologic, and clinical aspects. Semin Hematol 35:55–71.
Bothwell TH, Seftel H, Jacobs P, Torrance JD, Baumslag N. 1964. Iron overload in
Bantu subjects. Studies on the availability of iron in Bantu beer. Am J Clin Nutr
14:47–51.
Bothwell TH, Charlton RW, Cook JD, Finch CA. 1979. Iron Metabolism in Man.
Oxford: Blackwell Scientific.
Braun J. 1999. Erythrocyte zinc protoporphyrin. Kidney Int Suppl 69:S57–S60.
Brigham D, Beard J. 1996. Iron and thermoregulation: A review. Crit Rev Food Sci
Nutr 36:747–763.
Bro S, Sandstrom B, Heydorn K. 1990. Intake of essential and toxic trace elements
in a random sample of Danish men as determined by the duplicate portion
sampling technique. J Trace Elem Electrolytes Health Dis 4:147–155.
Brock C, Curry H, Hanna C, Knipfer M, Taylor L. 1985. Adverse effects of iron
supplementation: A comparative trial of wax-matrix iron preparation and conventional ferrous sulfate tablets. Clin Ther 7:568–573.
Brune M, Rossander-Hulten L, Hallberg L, Gleerup A, Sandberg AS. 1992. Iron
absorption from bread in humans: Inhibiting effects of cereal fiber, phytate
and inositol phosphates with different numbers of phosphate groups. J Nutr
122:442–449.
Bulaj ZJ, Griffen LM, Jorde LB, Edwards CQ, Kushner JP. 1996. Clinical and biochemical abnormalities in people heterozygous for hemochromatosis. N Engl J
Med 335:1799–1805.
Burman D. 1972. Haemoglobin levels in normal infants aged 3 to 24 months, and
the effect of iron. Arch Dis Child 47:261–271.
Butler NR, Bonham DB. 1963. Perinatal Mortality. The first report of the 1958
British Perinatal Mortality Survey. Edinburgh: Livingstone.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

381

Butte NF, Garza C, Smith EO, Wills C, Nichols BL. 1987. Macro- and trace-mineral
intakes of exclusively breast-fed infants. Am J Clin Nutr 45:42–48.
Canadian Paediatric Society. 1991. Meeting the iron needs of infants and young
children: An update. Canadian Med Assoc J 144:1451–1454.
Cannone-Hergaux F, Gruenheid S, Ponka P, Gros P. 1999. Cellular and subcellular
localization of the Nramp2 iron transporter in the intestinal brush border and
regulation by dietary iron. Blood 93:4406–4417.
CDC (Centers for Disease Control). 1989. CDC criteria for anemia in children and
childbearing-aged women. Morbid Mortal Weekly Rpt 38:400–404.
Chalevelakis G, Tsiroyannis K, Hatziioannou J, Arapakis G. 1984. Screening for
thalassaemia and/or iron deficiency: Evaluation of some discrimination functions. Scan J Clin Lab Invest 44:1–6.
Clarkson PM, Haymes EM. 1995. Exercise and mineral status of athletes: Calcium,
magnesium, phosphorous, and iron. Med Sci Sports Exerc 27:831–843.
Cole SK, Billewicz WZ, Thomson AM. 1971. Sources of variation in menstrual
blood loss. J Obstet Gynaecol Br Commonw 78:933–939.
Conrad ME. 1968. Intraluminal factors affecting iron absorption. Isr J Med Sci 4:917–
931.
Conrad ME, Umbreit JN. 2000. Iron absorption and transport—An update. Am J
Hematol 64:287–298.
Conrad ME, Benjamin B, Williams H, Foy A. 1967. Human absorption of hemoglobiniron. Gastroenterology 53:5–10.
Cook J. 1999. The nutritional assessment of iron status. Arch Latinoam Nutr 49:11S–
14S.
Cook JD, Lynch SR. 1986. The liabilities of iron deficiency. Blood 68:803–809.
Cook JD, Lipschitz DA, Miles LE, Finch CA. 1974. Serum ferritin as a measure of
iron stores in normal subjects. Am J Clin Nutr 27:681–687.
Cook JD, Dassenko S, Skikne BS. 1990. Serum transferrin receptor as an index of
iron absorption. Br J Haematol 75:603–609.
Cook JD, Dassenko SA, Lynch SR. 1991. Assessment of the role of nonheme-iron
availability in iron balance. Am J Clin Nutr 54:717–722.
Cook JD, Reddy MB, Burri J, Juillerat MA, Hurrell RF. 1997. The influence of
different cereal grains on iron absorption from infant cereal foods. Am J Clin
Nutr 65:964–969.
Coplin M, Schuette S, Leichtmann G, Lashner B. 1991. Tolerability of iron: A
comparison of bis-glycino iron II and ferrous sulfate. Clin Ther 13:606–612.
Coudray C, Bellanger J, Castiglia-Delavaud C, Remesy C, Vermorel M, Rayssignuier
Y. 1997. Effect of soluble or partly soluble dietary fibres supplementation on
absorption and balance of calcium, magnesium, iron and zinc in healthy young
men. Eur J Clin Nutr 51:375–380.
Dallman PR. 1986a. Biochemical basis for the manifestations of iron deficiency.
Annu Rev Nutr 6:13–40.
Dallman PR. 1986b. Iron deficiency in the weanling: A nutritional problem on the
way to resolution. Acta Paediatr Scand Suppl 323:59–67.
Dallman PR, Refino CA, Yland MJ. 1982. Sequence of development of iron deficiency in the rat. Am J Clin Nutr 35:671–677.
Dalton MA, Sargent JD, O’Connor GT, Olmstead EM, Klein RZ. 1997. Calcium
and phosphorous supplementation of iron-fortified infant formula: No effect
on iron status of healthy full-term infants. Am J Clin Nutr 65:921–926.
Danesh J, Appleby P. 1999. Coronary heart disease and iron status: Meta-analyses
of prospective studies. Circulation 99:852–854.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

382

DIETARY REFERENCE INTAKES

Davidsson L, Almgren A, Sandstrom B, Hurrell RF. 1995. Zinc absorption in adult
humans: The effect of iron fortification. Br J Nutr 74:417–425.
Davidsson L, Galan P, Cherouvrier F, Kastenmayer P, Juillerat MA, Hercberg S,
Hurrell RF. 1997. Bioavailability in infants of iron from infant cerals: Effect of
dephytinization. Am J Clin Nutr 65:916–920.
Davidsson L, Kastenmayer P, Szajewska H, Hurrell RF, Barclay D. 2000. Iron bioavailability in infants from an infant cereal fortified with ferric pyrophosphate
or ferrous fumarate. Am J Clin Nutr 71:1597–1602.
Davies KJ, Donovan CM, Refino CJ, Brooks GA, Packer L, Dallman PR. 1984. Distinguishing effects of anemia and muscle iron deficiency on exercise bioenergetics in the rat. Am J Physiol 246:E535–E543.
De Leeuw NK, Lowenstein L, Hsieh YS. 1966. Iron deficiency and hydremia in
normal pregnancy. Medicine 45:291–315.
Derman DP, Bothwell TH, MacPhail AP, Torrance JD, Bezwoda WR, Charlton RW,
Mayet FG. 1980. Importance of ascorbic acid in the absorption of iron from
infant foods. Scand J Haematol 25:193–201.
Dewey KG, Lonnerdal B. 1983. Milk and nutrient intake of breast-fed infants from
1 to 6 months: Relation to growth and fatness. J Pediatr Gasteroenterol Nutr
2:497–506.
Dewey KG, Romero-Abal ME, Quan de Serrano J, Bulux J, Peerson JM, Engle P,
Solomons NW. 1997. A randomized intervention study of the effects of discontinuing coffee intake on growth and morbidity of iron-deficient Guatemalan
toddlers. J Nutr 127:306–313.
Dibley MJ, Goldsby JB, Staehling NW, Trowbridge FL. 1987. Development of normalized curves for the international growth reference: Historical and technical considerations. Am J Clin Nutr 46:736–748.
Dinneen SF, O’Mahony MS, O’Brien T, Cronin CC, Murray DM, O’Sullivan DJ.
1992. Serum ferritin in newly diagnosed and poorly controlled diabetes
mellitus. Ir J Med Sci 161:636–638.
Disler PB, Lynch SR, Charlton RW, Torrance JD, Bothwell TH, Walker RB, Mayet
F. 1975. The effect of tea on iron absorption. Gut 16:193–200.
Dwyer JT, Dietz WH, Andrews EM, Suskind RM. 1982. Nutritional status of vegetarian children. Am J Clin Nutr 35:204–216.
Edlund M, Blomback M, von Schoultz B, Andersson O. 1996. On the value of
menorrhagia as a predictor for coagulation disorders. Am J Hematol 53:234–
238.
Ehn L, Carlmark B, Hoglund S. 1980. Iron status in athletes involved in intense
physical activity. Med Sci Sports Exerc 12:61–64.
Eisenstein RS. 2000. Iron regulatory proteins and the molecular control of mammalian iron metabolism. Annu Rev Nutr 20:627–662.
Eisenstein RS, Blemings KP. 1998. Iron regulatory proteins, iron responsive elements and iron homeostasis. J Nutr 128:2295–2298.
Expert Scientific Working Group. 1985. Summary of a report on assessment of the
iron nutritional status of the United States population. Am J Clin Nutr 42:1318–
1330.
Fairbanks VF. 1999. Iron in medicine and nutrition. In: Shils ME, Olson JA, Shike
M, Ross AC, eds. Modern Nutrition in Health and Disease, 9th ed. Baltimore:
Williams & Wilkins. Pp. 193–221.
Fairweather-Tait S, Fox T, Wharf SG, Eagles J. 1995a. The bioavailability of iron in
different weaning foods and the enhancing effect of a fruit drink containing
ascorbic acid. Pediatr Res 37:389–394.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

383

Fairweather-Tait S, Wharf SG, Fox TE. 1995b. Zinc absorption in infants fed ironfortified weaning food. Am J Clin Nutr 62:785–789.
FAO/WHO (Food and Agriculture Organization of the United Nations/World
Health Organization). 1988. Requirements of Vitamin A, Iron, Folate and Vitamin
B12. FAO Food and Nutrition Series No. 23. Rome: FAO. Pp. 33–50.
Farquhar JD. 1963. Iron supplementation during first year of life. Am J Dis Child
106:201–206.
FDA (Food and Drug Administration). 1997. Preventing Iron Poisoning in Children.
FDA Backgrounder. [Online]. Available: http://www.fda.gov/opacom/backgrounders/ironbg.html [accessed July 1999].
Feder JN. 1999. The hereditary hemochromatosis gene (HFE): A MHC class I-like
gene that functions in the regulation of iron homeostasis. Immunol Res 20:175–
185.
Ferguson BJ, Skikne BS, Simpson KM, Baynes RD, Cook JD. 1992. Serum transferrin receptor distinguishes the anemia of chronic disease from iron deficiency
anemia. J Lab Clin Med 119:385–390.
Finch CA, Huebers H. 1982. Perspectives in iron metabolism. N Engl J Med
306:1520–1528.
Finch CA, Miller LR, Inamdar AR, Person R, Seiler K, Mackler B. 1976. Iron deficiency in the rat. Physiological and biochemical studies of muscle dysfunction.
J Clin Invest 58:447–453.
Fleming AF. 1968. Hypoplastic anaemia in pregnancy. J Obstet Gynaecol Br Commonw
75:138–141.
Fogelholm M. 1995. Inadequate iron status in athletes: An exaggerated problem?
In: Kies CV, Driskell JA, eds. Sports Nutrition: Minerals and Electrolytes. Boca
Raton: CRC Press. Pp. 81–95.
Fomon SJ, Ziegler EE, Nelson SE. 1993. Erythrocyte incorporation of ingested 58Fe
by 56-day-old breast-fed and formula-fed infants. Pediatr Res 33:573–576.
Ford ES, Cogswell ME. 1999. Diabetes and serum ferritin concentration among
U.S. adults. Diabetes Care 22:1978-1983.
Franco RF, Zago MA, Trip MD, ten Cate H, van den Ende A, Prins MH, Kastelein
JJ, Reitsma PH. 1998. Prevalence of hereditary haemochromatosis in premature atherosclerotic vascular disease. Br J Haematol 102:1172–1175.
Frey GH, Krider DW. 1994. Serum ferritin and myocardial infarct. WV Med J 90:13–
15.
Frisancho AR. 1990. Anthropometric Standards for the Assessment of Growth and Nutritional Status. Ann Arbor: University of Michigan Press.
Frykman E, Bystrom M, Jansson U, Edberg A, Hansen T. 1994. Side effects of iron
supplements in blood donors: Superior tolerance of heme iron. J Lab Clin Med
123:561–564.
Fuerth JH. 1972. Iron supplementation of the diet in full-term infants: A controlled study. J Pediatr 80:974–979.
Fung EB, Ritchie LD, Woodhouse LR, Roehl R, King JC. 1997. Zinc absorption in
women during pregnancy and lactation: A longitudinal study. Am J Clin Nutr
66:80–88.
Garby L, Sjolin S, Vuille JC. 1964. Studies on erythro-kinetics in infancy. IV. The
long-term behaviour of radioiron in circulating foetal and adult haemoglobin
and its faecal excretion. Acta Paediatr Scand 53:33–41.
Garby L, Irnell L, Werner I. 1969. Iron deficiency in women of fertile age in a
Swedish community. II. Efficiency of several laboratory tests to predict the
response to iron supplementation. Acta Med Scand 185:107–111.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

384

DIETARY REFERENCE INTAKES

Garn SM, Ridella SA, Petzold AS, Falkner F. 1981. Maternal hematologic levels and
pregnancy outcomes. Sem Perinatol 5:155–162.
Garry P, Koehler KM, Simon TL. 1995. Iron stores and iron absorption: Effects of
repeated blood donations. Am J Clin Nutr 62:611–620.
Garza C, Johnson CA, Smith EO, Nichols BL. 1983. Changes in the nutrient composition of human milk during gradual weaning. Am J Clin Nutr 37:61–65.
Gillooly M, Bothwell TH, Torrance JD, MacPhail AP, Derman DP, Bezwoda WR,
Mills W, Charlton RW, Mayet F. 1983. The effects of organic acids, phytates
and polyphenols on the absorption of iron from vegetables. Br J Nutr 49:331–
342.
Gillooly M, Bothwell TH, Charlton RW, Torrance JD, Bezwoda WR, MacPhail AP,
Derman DP, Novelli L, Morrall P, Mayet F. 1984. Factors affecting the absorption of iron from cereals. Br J Nutr 51:37–46.
Goepel E, Ulmer HU, Neth RD. 1988. Premature labor contractions and the value
of serum ferritin during pregnancy. Gynecol Obstet Invest 26:265–273.
Gordeuk V, Mukiibi J, Hasstedt SJ, Samowitz W, Edwards CQ, West G, Ndambire S,
Emmanual J, Nkanza N, Chapanduka Z, Randall M, Boone P, Romano P,
Martell RW, Yamashita T, Effler P, Brittenham G. 1992. Iron overload in Africa. Interaction between a gene and dietary iron content. N Engl J Med 326:95–
100.
Grasbeck R, Majuri R, Kouvonen I, Tenhunen R. 1982. Spectral and other studies
on the intestinal haem receptor of the pig. Biochim Biophys Acta 700:137–142.
Green R, Charlton R, Seftel H, Bothwell T, Mayet F, Adams B, Finch C, Layrisse M.
1968. Body iron excretion in man. Am J Med 45:336–353.
Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, Nussberger S, Gollan JL, Hediger MA. 1997. Cloning and characterization of a
mammalian proton-coupled metal-ion transporter. Nature 388:482–488.
Gutierrez JA, Yu J, Rivera S, Wessling-Resnick M. 1997. Functional expression cloning and characterization of SFT, a stimulator of Fe transport. J Cell Biol
139:895–905.
Hallberg L. 1992. Iron balance in pregnancy and lactation. In: Fomon SJ, Zlotkin
S, eds. Nutritional Anemias. Nestle Nutrition Workshop Series, Vol. 30. New
York: Raven Press. Pp. 13–28.
Hallberg L, Hulthen L. 2000. Prediction of dietary iron absorption: An algorithm
for calculating absorption and bioavailability of dietary iron. Am J Clin Nutr
71:1147–1160.
Hallberg L, Rossander-Hulthen L. 1991. Iron requirements in menstruating
women. Am J Clin Nutr 54:1047–1058.
Hallberg L, Hogdahl AM, Nilsson L, Rybo G. 1966a. Menstrual blood loss and iron
deficiency. Acta Med Scand 180:639–650.
Hallberg L, Hogdahl AM, Nilsson L, Rybo G. 1966b. Menstrual blood loss: A population study. Variation at different ages and attempts to define normality Acta
Obstet Gynecol Scand 45:320–351.
Hallberg L, Ryttinger L, Solvell L. 1966c. Side-effects of oral iron therapy. A double-blind study of different iron compounds in tablet form. Acta Med Scand
Suppl 459:3–10.
Hallberg L, Brune M, Erlandsson M, Sandberg AS, Rossander-Hulthen L. 1991.
Calcium: Effect of different amounts of nonheme- and heme-iron absorption
in humans. Am J Clin Nutr 53:112–119.
Hallberg L, Rossander-Hulthen L, Brune M, Gleerup A. 1993. Inhibition of haemiron absorption in man by calcium. Br J Nutr 69:533–540.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

385

Hallfrisch J, Powell A, Carafelli C, Reiser S, Prather ES. 1987. Mineral balances of
men and women consuming high fiber diets with complex or simple carbohydrate. J Nutr 117:48–55.
Han O, Failla ML, Hill AD, Morris ER, Smith JC. 1995. Reduction of Fe(III) is
required for uptake of nonheme iron by Caco-2 cells. J Nutr 125:1291–1299.
Harland BF, Oberleas D. 1987. Phytate in foods. World Rev Nutr Diet 52:235–259.
Hawkins WW. 1964. Iron, copper and cobalt. In: Beaton GH, McHenry EW, eds.
Nutrition: A Comprehensive Treatise. New York: Academic Press. Pp. 309–372.
Haycock GB, Schwartz GJ, Wisotsky DH. 1978. Geometric method for measuring
body surface area: A height-weight formula validated in infants, children, and
adults. J Pediatr 93:62–66.
Hefnawi F, Yacout MM. 1978. Intrauterine contraception in developing countries.
In: Ludwig H, Tauber PF, eds. Human Fertilization. Stuttgart: Georg Thieme.
Pp. 249–253.
Hefnawi F, el-Zayat AF, Yacout MM. 1980. Physiologic studies of menstrual blood
loss. Int J Gynaecol Obstet 17:348–352.
Hegenauer J, Saltman P, Ludwig D, Ripley L, Ley A. 1979. Iron-supplemented cow
milk. Identification and spectral properties of iron bound to casein micelles. J
Agric Food Chem 27:1294–1301.
Hegsted DM. 1975. Balance studies. J Nutr 106:307–311.
Higgs JM. 1973. Chromic mucocutaneous candidiasis: Iron deficiency and the
effects of iron therapy. Proc R Soc Med 66:802–804.
Hogan GR, Jones B. 1970. The relationship of koilonychia and iron deficiency in
infants. J Pediatr 77:1054–1057.
Holbrook JT, Smith JC, Reiser S. 1989. Dietary fructose or starch: Effects on copper,
zinc, iron, manganese, calcium, and magnesium balances in humans. Am J
Clin Nutr 49:1290–1294.
Hsing AW, McLaughlin JK, Olsen JH, Mellemkjar L, Wacholder S, Fraumeni JF.
1995. Cancer risk following primary hemochromatosis: A population-based
cohort study in Denmark. Int J Cancer 60:160–162.
Hunt JR, Roughead ZK. 1999. Nonheme-iron absorption, fecal ferritin excretion,
and blood indexes of iron status in women consuming controlled lactoovovegetarian diets for 8 weeks. Am J Clin Nutr 69:944–952.
Hunt JR, Mullen LM, Lykken GI, Gallagher SK, Nielsen FH. 1990. Ascorbic acid:
Effect on ongoing iron absorption and status in iron-depleted young women.
Am J Clin Nutr 51:649–655.
Hurrell RF, Juillerat MA, Reddy MB, Lynch SR, Dassenko SA, Cook JD. 1992. Soy
protein, phytate and iron absorption in humans. Am J Clin Nutr 56:573–578.
Hytten FE, Leitch I. 1971. The Physiology of Human Pregnancy, 2nd ed. Oxford:
Blackwell Scientific.
Idjradinata P, Pollitt E. 1993. Reversal of developmental delays in iron-deficient
anaemic infants treated with iron. Lancet 341:1–4.
INACG (International Nutritional Anemia Consultative Group). 1985. Measurements
of Iron Status. Washington, DC: Nutrition Foundation.
IOM (Institute of Medicine). 1990. Nutrition During Pregnancy. Washington, DC:
National Academy Press.
IOM. 1993. Iron Deficiency Anemia: Recommended Guidelines for the Prevention, Detection, and Management Among U.S. Children and Women of Childbearing Age. Washington, DC: National Academy Press.
Ivaturi R, Kies C. 1992. Mineral balances in humans as affected by fructose, high
fructose corn syrup and sucrose. Plant Foods Hum Nutr 42:143–151.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

386

DIETARY REFERENCE INTAKES

Jacobs A. 1971. The effect of iron deficiency on the tissues. Gerontol Clin (Basel)
13:61–68.
Johnson MA, Baier MJ, Greger JL. 1982. Effects of dietary tin on zinc, copper, iron,
manganese, and magnesium metabolism of adult males. Am J Clin Nutr
35:1332–1338.
Kelly KA, Turnbull A, Cammock EE, Bombeck CT, Nyhus LM, Finch CA. 1967.
Iron absorption after gastrectomy: An experimental study in the dog. Surgery
62:356–360.
Kelsay JL, Behall KM, Prather ES. 1979. Effect of fiber from fruits and vegetables
on metabolic responses of human subjects. Am J Clin Nutr 32:1876–1880.
Kiechl S, Willeit J, Egger G, Poewe W, Oberhollenzer F. 1997. Body iron stores and
the risk of carotid atherosclerosis: Prospective results from the Bruneck Study.
Circulation 96:3300–3307.
Klebanoff MA, Shiono PH, Selby JV, Trachtenberg AI, Graubard BI. 1991. Anemia
and spontaneous preterm birth. Am J Obstet Gynecol 164:59–63.
Konijn AM. 1994. Iron metabolism in inflammation. Baillieres Clin Haematol 7:829–
849.
Lampe JW, Slavin JL, Apple FS. 1991. Iron status of active women and the effect of
running a marathon on bowel function and gastrointestinal blood loss. Int J
Sports Med 12:173–179.
Leggett BA, Brown NN, Bryant SJ, Duplock L, Powell LW, Halliday JW. 1990. Factors affecting the concentrations of ferritin in serum in a healthy Australian
population. Clin Chem 36:1350–1355.
Lemons JA, Moye L, Hall D, Simmons M. 1982. Differences in the composition of
preterm and term human milk during early lactation. Pediatr Res 16:113–117.
Liao Y, Cooper RS, McGee DL. 1994. Iron status and coronary heart disease: Negative findings from the NHANES I Epidemiologic Follow-Up Study. Am J
Epidemiol 139:704–712.
Lieberman E, Ryan KJ, Monson RR, Schoenbaum SC. 1988. Association of maternal hematocrit with premature labor. Am J Obstet Gynecol 159:107–114.
Liguori L. 1993. Iron protein succinylate in the treatment of iron deficiency: Controlled, double-blind, multicenter clinical trial on over 1,000 patients. Int J
Clin Pharmacol Ther Toxicol 31:103–123.
Lipsman S, Dewey KG, Lonnerdal B. 1985. Breast-feeding among teenage mothers:
Milk composition, infant growth, and maternal dietary intake. J Pediatr Gastroenterol Nutr 4:426–434.
Lokken P, Birkeland JM. 1979. Dental discolorations and side effects with iron and
placebo tablets. Scand J Dent Res 87:275–278.
Lonnerdal B, Keen CL, Hurley LS. 1981. Iron, copper, zinc and maganese in milk.
Ann Rev Nutr 1:149–174.
Lozoff B, Brittenham G, Viteri FE, Wolf AW, Urrutia JJ. 1982a. Developmental
deficits in iron-deficient infants: Effects of age and severity of iron lack. J
Pediatr 101:948–952.
Lozoff B, Brittenham G, Viteri FE, Wolf AW, Urrutia JJ. 1982b. The effects of shortterm oral iron therapy on developmental deficits in iron-deficient anemic
infants. J Pediatr 100:351–357.
Lozoff B, Wolf AW, Urrutia JJ, Viteri FE. 1985. Abnormal behavior and low developmental test scores in iron-deficient anemic infants. J Dev Behav Pediatr 6:69–
75.
Lozoff B, Klein NK, Prabucki KM. 1986. Iron-deficient anemic infants at play. J Dev
Behav Pediatr 7:152–158.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

387

Lozoff B, Brittenham G, Wolf AW, McClish DK, Kuhnert PM, Jimenez E, Jimenez
R, Mora LA, Gomez I, Krauskoph D. 1987. Iron deficiency anemia and iron
therapy effects on infant developmental test performance. Pediatrics 79:981–
995.
Lozoff B, Jimenez E, Wolf AW. 1991. Long-term developmental outcome of infants
with iron deficiency. N Engl J Med 325:687–694.
Lozoff B, Wolf AW, Jimenez E. 1996. Iron-deficiency anemia and infant development: Effects of extended oral iron therapy. J Pediatr 129:382–389.
Lozoff B, Jimenez E, Hagen J, Mollen E, Wolf AW. 2000. Poorer behavioral and
developmental outcome more than 10 years after treatment for iron deficiency in infancy. Pediatrics 105:E51.
Lynch SR, Beard JL, Dassenko SA, Cook JD. 1984. Iron absorption from legumes in
humans. Am J Clin Nutr 40:42–47.
Lynch SR, Dassenko SA, Cook JD, Juillerat MA, Hurrell RF. 1994. Inhibitory effect
of a soybean-protein—Related moiety on iron absorption in humans. Am J
Clin Nutr 60:567–572.
MacLennan AH, MacLennan A, Wenzel S, Chambers HM, Eckert K. 1993. Continuous low-dose oestrogen and progestogen hormone replacement therapy: A
randomised trial. Med J Aust 159:102–106.
Magnusson B, Hallberg L, Rossander L, Swolin B. 1984. Iron metabolism and
“sports anemia”. II. A hematological comparison of elite runners and control
subjects. Acta Med Scand 216:157–164.
Magnusson MK, Sigfusson N, Sigvaldason H, Johannesson GM, Magnusson S, Thorgeirsson G. 1994. Low iron-binding capacity as a risk factor for myocardial
infarction. Circulation 89:102–108.
Mahalko JR, Sandstead HH, Johnson L, Milne DB. 1983. Effect of moderate increase in dietary protein on the retention and excretion of Ca, Cu, Fe, Mg, P,
and Zn by adult males. Am J Clin Nutr 37:8–14.
Manttari M, Manninen V, Huttunen JK, Palosuo T, Ehnholm C, Heinonen OP,
Frick MH. 1994. Serum ferritin and ceruloplasmin as coronary risk factors.
Eur Heart J 15:1599–1603.
McCord JM. 1996. Effects of positive iron status at a cellular level. Nutr Rev 54:85–
88.
McGuigan MA. 1996. Acute iron poisoning. Pediatr Ann 25:33–38.
Meadows NJ, Grainger SL, Ruse W, Keeling PW, Thompson RP. 1983. Oral iron
and the bioavailability of zinc. Br Med J 287:1013–1014.
Mendelson RA, Anderson GH, Bryan MH. 1982. Zinc, copper and iron content of
milk from mothers of preterm and full-term infants. Early Hum Dev 6:145–151.
Mendoza C, Viteri FE, Lonnderdal B, Young KA, Raboy V, Brown KH. 1998. Effect
of genetically modified, low-phytic acid maize on absorption of iron from
tortillas. Am J Clin Nutr 68:1123–1127.
Milman N, Kirchhoff M. 1991a. Iron stores in 1433, 30- to 60-year-old Danish males.
Evaluation by serum ferritin and haemoglobin. Scand J Clin Lab Invest 51:635–
641.
Milman N, Kirchhoff M. 1991b. The influence of blood donation on iron stores
assessed by serum ferritin and hemoglobin in a population survey of 1,359
Danish women. Ann Hematol 63:27–32.
Minihane AM, Fairweather-Tait SJ. 1998. Effect of calcium supplementation on
daily nonheme-iron absorption and long-term iron status. Am J Clin Nutr 68:96–
102.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

388

DIETARY REFERENCE INTAKES

Monsen ER, Hallberg L, Layrisse M, Hegsted DM, Cook JD, Mertz W, Finch CA.
1978. Estimation of available dietary iron. Am J Clin Nutr 31:134–141.
Morrison HI, Semenciw RM, Mao Y, Wigle DT. 1994. Serum iron and risk of fatal
acute myocardial infarction. Epidemiology 5:243–246.
Moss AJ, Levy AS, Kim I, Park YK. 1989. Use of Vitamin and Mineral Supplements in the
United States: Current Users, Types of Products, and Nutrients. Advance Data, Vital
and Health Statistics of the National Center for Health Statistics, Number 174.
Hyattsville, MD: National Center for Health Statistics.
Muir A, Hopfer U. 1985. Regional specificity of iron uptake by small intestinal
brush-border membranes from normal and iron-deficient mice. Am J Physiol
248:G376–G379.
Murphy JF, O’Riordan J, Newcombe RG, Coles EC, Pearson JF. 1986. Relation of
haemoglobin levels in first and second trimesters to outcome of pregnancy.
Lancet 1:992–995.
Nassar BA, Zayed EM, Title LM, O’Neill BJ, Bata IR, Kirkland SA, Dunn J, Dempsey
GI, Tan MH, Johnstone DE. 1998. Relation of HFE gene mutations, high iron
stores and early onset coronary artery disease. Can J Cardiol 14:215–220.
Nelson RL, Davis FG, Sutter E, Sobin LH, Kikendall JW, Bowen P. 1994. Body iron
stores and risk of colonic neoplasia. J Natl Cancer Inst 86:455–460.
Nelson RL, Davis FG, Persky V, Becker E. 1995. Risk of neoplastic and other diseases
among people with heterozygosity for hereditary hemochromatosis. Cancer
76:875–879.
Newhouse IJ, Clement DB. 1995. The efficacy of iron supplementation in iron
depleted women. In: Kies CV, Driskell JA, eds. Sports Nutrition: Minerals and
Electrolytes. Boca Raton: CRC Press. Pp. 47–57.
Niederau C, Fischer R, Sonnenberg A, Stremmel W, Trampisch HJ, Strohmeyer G.
1985. Survival and causes of death in cirrhotic and in noncirrhotic patients
with primary hemochromatosis. N Engl J Med 313:1256–1262.
Nilsson L, Solvell L. 1967. Clinical studies on oral contraceptives—A randomized,
doubleblind, crossover study of 4 different preparations (Anovlar mite, Lyndiol mite, Ovulen, and Volidan). Acta Obstet Gynecol Scand 46:1–31.
Nokes C, van den Bosch C, Bundy DAP. 1998. The Effects of Iron Deficiency and
Anemia on Mental and Motor Performance, Educational Acheivement, and Behavior
in Children. The International Nutritional Anemia Consultative Group. Washington, DC: ILSI Press.
NRC (National Research Council). 1979. Iron. Baltimore: University Park Press.
Pp. 248.
O’Brien KO, Zavaleta N, Caulfield LE, Wen J, Abrams SA. 2000. Prenatal iron
supplements impair zinc absorption in pregnant Peruvian women. J Nutr
130:2251–2255.
Olynyk JK, Cullen DJ, Aquilia S, Rossi E, Summerville L, Powell LW. 1999. A
population-based study of the clinical expression of the hemochromatosis
gene. N Engl J Med 341:718–724.
Oosterbaan HP, van Buuren AH, Schram JH, van Kempen PJ, Ubachs JM, van
Leusden HA, Beyer GP. 1995. The effects of continuous combined transdermal
oestrogen-progestogen treatment on bleeding patterns and the endometrium
in postmenopausal women. Maturitas 21:211–219.
Osaki S, Johnson DA, Frieden E. 1966. The possible significance of the ferrous
oxidase activity of ceruloplasmin in normal human serum. J Biol Chem
241:2746–2751.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

389

Oski FA, Honig AS, Helu B, Howanitz P. 1983. Effect of iron therapy on behavior
performance in nonanemic, iron-deficient infants. Pediatrics 71:877–880.
Osler M, Milman N, Heitmann BL. 1998. Dietary and non-dietary factors associated with iron status in a cohort of Danish adults followed for six years. Eur J Clin
Nutr 52:459–463.
Picciano MF, Guthrie HA. 1976. Copper, iron, and zinc contents of mature human
milk. Am J Clin Nutr 29:242–254.
Pollitt E, Gorman KS, Engle PL, Martorell R, Rivera J. 1993. Early supplemental
feeding and cognition: Effects over two decades. Monogr Soc Res Child Dev
58:1–99.
Powell LW. 1970. Tissue damage in haemochromatosis: An analysis of the roles of
iron and alcoholism. Gut 11:980.
Preziosi P, Prual A, Galan P, Daouda H, Boureima H, Hercberg S. 1997. Effect of
iron supplementation on the iron status of pregnant women: Consequences
for newborns. Am J Clin Nutr 66:1178–1182.
Raffin SB, Woo CH, Roost KT, Price DC, Schmid R. 1974. Intestinal absorption of
hemoglobin iron-heme cleavage by mucosal heme oxygenase. J Clin Invest
54:1344–1352.
Raja KB, Simpson RJ, Peters TJ. 1987. Comparison of 59Fe3+ uptake in vitro and in
vivo by mouse duodenum. Biochim Biophys Acta 901:52–60.
Raja KB, Simpson RJ, Peters TJ. 1993. Investigation of a role for reduction in ferric
iron uptake by mouse duodenum. Biochim Biophys Acta 1135:141–146.
Raper NR, Rosenthal JC, Woteki CE. 1984. Estimates of available iron in diets of
individuals 1 year old and older in the Nationwide Food Consumption Survey.
J Am Diet Assoc 84:783–787.
Raunikar RA, Sabio H. 1992. Anemia in the adolescent athelete. Am J Dis Child
146:1201–1205.
Ravel R. 1989. Clinical Laboratory Medicine: Clinical Application of Laboratory Data.
Chicago: Year Book Medical Publishers.
Reddy MB, Hurrell RF, Cook JD. 2000. Estimation of nonheme-iron bioavailability
from meal composition. Am J Clin Nutr 71:937–943.
Reeves JD, Yip R. 1985. Lack of adverse side effects of oral ferrous sulfate therapy
in 1-year-old infants. Pediatrics 75:352–355.
Reunanen A, Takkunen H, Knekt P, Seppanen R, Aromaa A. 1995. Body iron
stores, dietary iron intake and coronary heart disease mortality. J Intern Med
238:223–230.
Roest M, van der Schouw YT, de Valk B, Marx JJ, Tempelman MJ, de Groot PG,
Sixma JJ, Banga JD. 1999. Heterozygosity for a hereditary hemochromatosis
gene is associated with cardiovascular death in women. Circulation 100:1268–
1273.
Roncagliolo M, Garrido M, Walter T, Peirano P, Lozoff B. 1998. Evidence of altered central nervous system development in infants with iron deficiency anemia at 6 months: Delayed maturation of auditory brainstem responses. Am J
Clin Nutr 68:683–690.
Rowland TW, Stagg L, Kelleher JF. 1991. Iron deficiency in adolescent girls. Are
athletes at risk? J Adolesc Health 12:22–25.
Rybo G, Solvell L. 1971. Side-effect studies on a new sustained release iron preparation. Scand J Haematol 8:257–264.
Salonen JT, Nyyssonen K, Korpela H, Tuomilehto J, Seppanen R, Salonen R. 1992.
High stored iron levels are associated with excess risk of myocardial infarction
in eastern Finnish men. Circulation 86:803–811.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

390

DIETARY REFERENCE INTAKES

Salonen JT, Nyyssonen K, Salonen R. 1994. Body iron stores and the risk of coronary heart disease. N Engl J Med 331:1159.
Sandberg AS. 1991. The effect of food processing on phytate hydrolysis and availability of iron and zinc. Adv Exp Med Biol 289:499–508.
Sandstrom B, Davidsson L, Cederblad A, Lonnerdal B. 1985. Oral iron, dietary
ligands and zinc absorption. J Nutr 115:411–414.
Scholl TO, Hediger ML, Fischer RL, Shearer JW. 1992. Anemia vs iron deficiency:
Increased risk of preterm delivery in a prospective study. Am J Clin Nutr 55:985–
988.
Selby JV, Friedman GD. 1988. Epidemiologic evidence of an association between
body iron stores and risk of cancer. Int J Cancer 41:677–682.
Sempos CT, Looker AC, Gillum RF, Makuc DM. 1994. Body iron stores and the
risk of coronary heart disease. N Engl J Med 330:1119–1124.
Shaw NS, Chin CJ, Pan WH. 1995. A vegetarian diet rich in soybean products
compromises iron status in young students. J Nutr 125:212–219.
Siegel AJ, Hennekens CH, Solomon HS, Van Boeckel B. 1979. Exercise-related
hematuria. Findings in a group of marathon runners. J Am Med Assoc 241:391–
392.
Siegenberg D, Baynes RD, Bothwell TH, Macfarlane BJ, Lamparelli RD, Car NG,
MacPhail P, Schmidt U, Tal A, Mayet F. 1991. Ascorbic acid prevents the dosedependent inhibitory effects of polyphenols and phytates on nonheme-iron
absorption. Am J Clin Nutr 53:537–541.
Siimes MA, Refino C, Dallman P. 1980a. Manifestation of iron deficiency at various
levels of dietary iron intake. Am J Clin Nutr 33:570–574.
Siimes MA, Refino C, Dallman P. 1980b. Physiological anemia of early development in the rat: Characterization of the iron-responsive component. Am J Clin
Nutr 33:2601–2608.
Simpson RJ, Raja KB, Peters TJ. 1986. Fe2+ uptake by mouse intestinal musosa in
vivo and by isolated intestinal brush-border membrane vesicles. Biochim Biophys
Acta 860:229–235.
Skinner JD, Carruth BR, Houck KS, Coletta F, Cotter R, Ott D, McLeod M. 1997.
Longitudinal study of nutrient and food intakes of infants aged 2 to 24 months.
J Am Diet Assoc 97:496–504.
Smith NJ, Rios E. 1974. Iron metabolism and iron deficiency in infancy and childhood. Adv Pediatr 21:239–280.
Snedeker SM, Smith SA, Greger JL. 1982. Effect of dietary calcium and phosphorus levels on the utilization of iron, copper, and zinc by adult males. J Nutr
112:136–143.
Sokoll LJ, Dawson-Hughes B. 1992. Calcium supplementation and plasma ferritin
concentrations in premenopausal women. Am J Clin Nutr 56:1045–1048.
Solomons NW. 1986. Competitive interaction of iron and zinc in the diet: Consequences for human nutrition. J Nutr 116:927–935.
Solomons NW, Jacob RA. 1981. Studies on the bioavailability of zinc in humans:
Effects of heme and nonheme iron on the absorption of zinc. Am J Clin Nutr
34:475–482.
Solomons NW, Pineda O, Viteri F, Sandstead H. 1983. Studies on the bioavailability of zinc in humans: Mechanism of the intestinal interaction of nonheme
iron and zinc. J Nutr 113:337–349.
Stampfer MJ, Grodstein F, Rosenberg I, Willett W, Hennekens C. 1993. A prospective study of plasma ferritin and risk of myocardial infarction in US physicians.
Circulation 87:688.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

391

Stevens RG, Jones DY, Micozzi MS, Taylor PR. 1988. Body iron stores and the risk
of cancer. N Engl J Med 319:1047–1052.
Stevens RG, Graubard BI, Micozzi MS, Neriishi K, Blumberg BS. 1994. Moderate
elevation of body iron level and increased risk of cancer occurrence and death.
Int J Cancer 56:364–369.
Stewart JG, Ahlquist DA, McGill DB, Ilstrup DM, Schwartz S, Owen RA. 1984.
Gastrointestinal blood loss and anemia in runners. Ann Intern Med 100:843–
845.
Stoltzfus R, Dreyfuss M. 1998. Guidelines for the Use of Iron Supplements to Prevent and
Treat Iron Deficiency Anemia. Washington, DC: ILSI Press.
Strupp BJ, Levitsky DA. 1995. Enduring cognitive effects of early malnutrition: A
theoretical reappraisal. J Nutr 125:2221S–2232S.
Sullivan JL. 1981. Iron and the sex difference in heart disease risk. Lancet 1:1293–
1294.
Tanner JM, Whitehouse RH, Takaishi M. 1966. Standards from birth to maturity
for height, weight, height velocity and weight velocity: British children, 1965.
Part II. Arch Dis Child 41:613–635.
Taylor D, Mallen C, McDougall N, Lind T. 1982. Effect of iron supplementation on
serum ferritin levels during and after pregnancy. Br J Obstet Gynecol 89:1011–
1017.
Taylor PG, Martinz-Torres C, Romano EL, Layrisse M. 1986. The effect of cysteinecontaining peptides released during meat digestion on iron absorption in
humans. Am J Clin Nutr 43:68–71.
Thompson CH, Green YS, Ledingham JG, Radda GK, Rajagopalan B. 1993. The
effect of iron deficiency on skeletal muscle metabolism of the rat. Acta Physiol
Scand 147:85–90.
Tuntawiroon M, Sritongkul N, Brune M, Rossander-Hulten L, Pleehachinda R,
Suwanik R, Hallberg L. 1991. Dose-dependent inhibitory effect of phenolic
compounds in foods on nonheme-iron absorption in men. Am J Clin Nutr
53:554–557.
Tuomainen TP, Nyyssonen K, Salonen R, Tervahauta A, Korpela H, Lakka T, Kaplan GA, Salonen JT. 1997. Body iron stores are associated with serum insulin
and blood glucose concentrations. Population study in 1,013 eastern Finnish
men. Diabetes Care 20:426–428.
Tuomainen TP, Kontula K, Nyyssonsen K, Lakka TA, Helio T, Salonen JT. 1999.
Increased risk of acute myocardial infarction in carriers of the hemochromatosis gene Cys282Tyr mutation: A prospective cohort study in men in eastern
Finland. Circulation 100:1274–1279.
Turnlund JR, Keyes WR, Hudson CA, Betschart AA, Kretsch MJ, Sauberlich HE.
1991. A stable-isotope study of zinc, copper, and iron absorption and retention by young women fed vitamin B-6-deficient diets. Am J Clin Nutr 54:1059–
1064.
Valberg LS. 1980. Plasma ferritin concentration: Their clinical significance and
relevance to patient care. Can Med Assoc 122:1240–1248.
Valberg LS, Flanagan PR, Chamberlain MJ. 1984. Effects of iron, tin, and copper
on zinc absorption in humans. Am J Clin Nutr 40:536–541.
Van Asperen IA, Feskens EJ, Bowles CH, Kromhout D. 1995. Body iron stores and
mortality due to cancer and ischaemic heart disease: A 17-year follow-up study
of elderly men and women. Int J Epidemiol 24:665–670.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

392

DIETARY REFERENCE INTAKES

Van de Vijver LP, Kardinaal AF, Charzewska J, Rotily M, Charles P, Maggiolini M,
Ando S, Vaananen K, Wajszczyk B, Heikkinen J, Deloraine A, Schaafsma G.
1999. Calcium intake is weakly but consistently negatively associated with iron
status in girls and women in six European countries. J Nutr 129:963–968.
Van Dokkum W, Cloughley FA, Hulshof KF, Oosterveen LA. 1983. Effect of variations in fat and linoleic acid intake on the calcium, magnesium and iron
balance of young men. Ann Nutr Metab 27:361–369.
Vaughan LA, Weber CW, Kemberling SR. 1979. Longitudinal changes in the mineral content of human milk. Am J Clin Nutr 32:2301–2306.
Viteri FE, Torun B. 1974. Anaemia and physical work capacity. Clin Haematol 3:609–
626.
Walker EM, Wolfe MD, Norton ML, Walker SM, Jones MM. 1998. Herditary hemochromatosis. Ann Clin Lab Sci 28:300–312.
Walsh CT, Sandstead HH, Prasad AS, Newberne PM, Fraker PJ. 1994. Zinc: Health
effects and research priorities for the 1990s. Environ Health Perspect 102:5–46.
Walter T, Kovalskys J, Stekel A. 1983. Effect of mild iron deficiency on infant
mental developmental scores. J Pediatr 102:519–522.
Walter T, de Andraca I, Chadud P, Perales CG. 1989. Iron deficiency anemia:
Adverse effects on infant psychomotor development. Pediatrics 84:7–17.
Weaver CM, Rajaram S. 1992. Exercise and iron status. J Nutr 122:782–787.
Weight LM. 1993. Sports anemia. Does it exist? Sports Med 16:1–4.
Weintraub LR, Conrad ME, Crosby WH. 1965. Absorption of hemoglobin iron by
the rat. Proc Soc Exp Biol Med 120:840–843.
Whiting SJ. 1995. The inhibitory effect of dietary calcium on iron bioavailability: A
cause for concern? Nutr Rev 53:77–80.
Whittaker P. 1998. Iron and zinc interactions in humans. Am J Clin Nutr 68:442S–
446S.
WHO (World Health Organization). 1992. The Prevalence of Anaemia in Women. A
Tabulation of Available Information. Geneva: WHO.
WHO. 1994. An Evaluation of Infant Growth. A Summary of Analyses Performed in Preparation for the WHO Expert Committee on Physical Status: The Use and Interpretation
of Anthropometry. WHO Working Group on Infant Growth. WHO/NUT/94.8.
Geneva: WHO.
WHO/UNICEF/UNU (United Nations Children Fund/United Nations University).
1998. IDA: Prevention, Assessment and Control. Report of a joint WHO/UNICEF/
UNU consultation. Geneva: WHO.
Widdowson EM, Spray CM. 1951. Chemical development in utero. Arch Dis Child
26:205–214.
Williams MD, Wheby MS. 1992. Anemia in pregnancy. Med Clin North Am 76:631–
647.
Willis WT, Dallman PR, Brooks GA. 1988. Physiological and biochemical correlates
of increased work in trained iron-deficient rats. J Appl Physiol 65:256–263.
Wollenberg P, Rummel W. 1987. Dependence of intestinal iron absorption on the
valency state of iron. Naunyn Schmiedebergs Arch Pharmacol 336:578–582.
Wollenberg P, Mahlberg R, Rummel W. 1990. The valency state of absorbed iron
appearing in the portal blood and ceruloplasmin substitution. Biometals 3:1–7.
Worwood M. 1999. Inborn errors of metabolism: Iron. Br Med Bull 55:556–567.
Wurzelmann JI, Sliver A, Schreinemachers DM, Sandler RS, Everson RB. 1996.
Iron intake and the risk of colorectal cancer. Cancer Epidemiol Biomarkers Prev
5:503–507.

Copyright © National Academy of Sciences. All rights reserved.

Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc
http://www.nap.edu/catalog/10026.html

IRON

393

Yip R. 2000. Significance of an abnormally low or high hemoglobin concentration
during pregnancy: Special consideration of iron nutrition. Am J Clin Nutr
72:272S–279S.
Yip R, Reeves JD, Lonnerdal B, Keen CL, Dallman PR. 1985. Does iron supplementation compromise zinc nutrition in healthy infants? Am J Clin Nutr 42:683–
687.

Copyright © National Academy of Sciences. All rights reserved.

