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“One thing only I know, and that is that I know nothing” 
Socrates 
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ABSTRACT 
 
Background: Iron (Fe) deficiency is globally the most common form of nutrient 
deficiency. The approach to combat this problem can be divided into two major 
strategies a): increasing the dietary Fe bioavailability by diet modification, or b): 
increasing the Fe intake through fortification. However, human bioavailability data on 
the most commonly used form of Fe fortificants, elemental iron powders (Feelem), are 
limited. The main reason is the lack of methods for measuring absorption from Feelem. 
Furthermore, when it comes to the scientific evidence for the comparative effect from 
each of these two strategies in improving iron uptake in man, there are still questions.  
 
Aims: To I): evolve a method which could be used to characterize the relative 
bioavailability (RBV) of Feelem II): characterize the RBV of Feelem fortificants, and 
finally III): study the effect from dietary modifications and/or Fe fortification on Fe 
absorption and rates of changes in Fe stores. 
 
Methods: To address the given aims the following methods were used in human 
subjects; Extrinsic labeling with radioactive Fe isotopes and whole-body counting; The 
area under the serum Fe concentration curve during six hours following administration 
of 100 mg Fe (S-Fe AUC0-6h). Algorithms based on human data were used as well. 
 

Results: Radioiron absorption and S-Fe AUC0-6h correlated well (r2=0.94). The studied 
Feelem were all significantly less well absorbed relative ferrous sulfate (RBV=36-65%). 
Adding 20 g meat, or 20 g meat and 20 mg ascorbic acid to a meal with low Fe 
bioavailability increased the total Fe absorption with 155% and 227%, respectively. 
Improvements in Fe status were greater after dietary modifications than after Fe 
fortification for a diet with low Fe bioavailability. 
 
Conclusions: S-Fe AUC0-6h following oral administration of 100 mg iron is a valid 
measure of iron absorption. Dietary modifications of meals with low Fe bioavailability 
can markedly improve Fe absorption, especially when adding meat which also 
contributes with highly absorbable heme Fe. Depending on choice of Feelem in 
fortification programs effectiveness can differ. Further, if the diet has a low Fe 
bioavailability, it is difficult to achieve good effects on Fe status by using Fe 
fortification as the only measure. Thus, the overall conclusion of this thesis is that the 
best course of action for interventions designed to improve Fe status, firstly must be to 
ensure an adequate dietary iron bioavailability, and secondly to use a Fe fortificant 
with high bioavailability. 
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                                                   SAMMANFATTNING 
                                                    

Bakgrund: Järnbrist är globalt sett den vanligaste förekommande näringsbristen. 
Tillvägagångssätten för att bekämpa detta tillstånd kan huvudsakligen delas in i två 
strategier; a): kostmodifiering för att öka järnets biotillgänglighet, eller b): ökning av 
mängden järn i kosten. Emellertid är kunskapen sparsam gällande biotillgängligheten 
hos människa för den vanligaste nyttjade gruppen berikningsjärn, elementärt järn 
(Feelem). Den huvudsakliga orsaken är brist på metoder för att mäta absorption från 
Feelem. Dessutom föreligger frågetecken gällande den jämförande effekten från var och 
en av dessa två strategier när det gäller att förbättra järnupptaget hos människa. 
 
Syfte: Att I): utveckla en metod för att hos människa fastställa relativ bio-
tillgänglighet (RBV) för Feelem, II): fastställa RBV för en grupp Feelem, samt slutligen 
III): studera effekten av kostmodifiering och järnberikning, samt kombinationen av 
dessa, på järnabsorption och den tidsmässiga förändringen i förrådsjärn. 
 
Metoder: För att uppnå syftena med denna studie användes följande metoder: 
inmärkning med radioaktiva järnisotoper och helkroppsräkning, samt arean under 
kurvan för serumjärnkoncentrationen under sex timmar (S-Fe AUC0-6h) efter oral 
administrering av 100 mg järn. Även algoritmer baserade på humanstudier användes. 
 
Resultat: Järnabsorption mätt med radioisotoper och med S-Fe AUC0-6h visade bra 
överensstämmelse (r2=0.94). Alla de studerade Feelem hade sämre biotillgänglighet än 
ferrosulfat (RBV=36-65%). Tillsats av 20 g kött, eller 20 g kött tillsammans med 20 
mg askorbinsyra, till en måltid med låg Fe-biotillgänglighet ökade den totala järn-
absorptionen med 155 %, respektive 227 %. Kostmodifiering gav större förbättringar i 
järnstatus jämfört med järnberikning när det gäller en kost med låg biotillgänglighet.  
 
Konklusioner: S-Fe AUC0-6h efter oral administrering av 100 mg järn är ett valid mått 
på järnabsorption. Kostmodifiering av måltider med låg Fe-biotillgänglighet kan 
markant förbättra järnabsorptionen, framförallt vid tillsats av kött, vilket bidrar med 
högabsorberbart hem-järn. Beroende på val av Feelem i interventioner kan utfallet skilja 
sig. Om den ursprungliga kosten har en låg Fe-biotillgänglighet är det svårt att uppnå 
positiva effekter på järnstatus genom att enbart använda järnberikning som den enda 
åtgärden. Således, den övergripande konklusionen i denna avhandling är att den bästa 
strategin vid interventioner avsedda att förbättra järnstatus, först och främst är att se till 
att den avsedda kostens Fe-biotillgänglighet är tillfredsställande, och för det andra se 
till att ett berikningsjärn med hög utnyttjandegrad används. 
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INTRODUCTION 
 

Gold is for the mistress – silver for the maid 

Copper for the craftsman cunning at his trade. 

”Good” said the Baron, sitting in his hall, 

”But Iron – Cold Iron – is master of them all!” 

 
This famous (and to “iron scientists” most popular) introduction to the piece of poetry 
created by Kipling in 1910 could not be truer, although not exactly in the way that the 
remainder of the poem intends. Iron is, due to its nuanced chemical properties, an 
absolute necessity for life. 
 
 

Iron – the element 
Iron can alter between two different oxidation states, Fe2+ (ferrous iron) and Fe3+ 
(ferric iron). This ability provides iron with a precious quality in biochemistry, namely 
the ability to accept or donate an electron. This ability is the reason for the role of iron 
in, not only oxygen transport by hemoglobin which is the main function of iron in the 
body and the most widely known, but also DNA synthesis and energy production. 
However, the chemical properties of iron are also an obstacle when it comes to the 
availability. Due to the drive (read: the law of nature) to decrease free energy, iron 
easily oxidizes to ferric (trivalent, Fe3+) iron, which in turn precipitates as the insoluble 
iron hydroxide at pH 7. Thus, in spite of the essential biological importance the major 
part of the iron in our environment is insoluble, making it unavailable for biological 
purposes. As a consequence, the human body has since the beginning of time, in 
interplay with our environment, adapted to this by developing a very limited capacity 
of secrete/lose iron. The only significant physiological loss of iron, apart from 
menstruation losses, is the one taking place when worn out enterocytes are being 
sloughed. 
 
 

Iron – the nutrient 
When going from being “just” an element to being a nutrient, iron passes over to be 
characterized as either heme iron or non-heme iron. The iron in heme iron is 
incorporated into a protoporphyrin skeleton forming the most beautiful heme 
molecule, which in turn is a functional part of, i.e. cytochromes, myoglobin and 
hemoglobin. The “father” of biochemistry, Felix Hoppe-Seyler (1825-1895), was the 
first to characterize the crystallized structure of hemoglobin, and its ability to bind 
oxygen.  
 
The basis for the diet based characterization as heme iron or non-heme iron lies in the 
stability of the structure the iron is incorporated in. Due to its ability to donate 
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electrons iron is also able to catalyze Fenton and Haber-Weiss reactions, which create 
reactive oxygen species. To protect various structures in the organism from oxidative 
stress, the nonfunctional part of the iron pool is bound to different molecules, such as 
transport and storage proteins (e.g. transferrin and ferritin). The iron of the functional 
iron pool is part of numerous enzymes (e.g. catalases and ribonucleotide reductase) 
and heme proteins. When these iron containing structures, functional and non-
functional, are present in the diet they are degraded by our digestive system. However, 
the heme structure strongly resists degradation. Thus, when presented to the mucosa 
cell layer in the intestines the iron in the heme is taken up as a complex molecule 
whereas the non-heme iron is taken up in its elemental form. As a consequence of 
lacking a protective “shell” like protoporphyrin, the absorption of non-heme iron is 
substantially affected by the composition of the diet and the iron status, whereas the 
heme iron is much less affected by these factors (Hallberg, et al. 2000b, Hunt 2005). 
The inorganic non-heme iron is the most dominant form of iron in our diet. It is 
predominantly found in vegetable foods, mainly cereals, but also present in animal 
products. Although meat is known as a provider of heme-iron, the major part of iron is 
in the form of non-heme. In general, the proportions of heme iron in red meat range 
from ~25-50%. However, when incorporating chicken or fish into a meal or diet the 
contribution of heme iron will be negligible (Hallberg, et al. 2000b).  
 
 

Factors influencing iron absorption 
 

Dietary factors 

Although iron absorption is substantially affected by meal composition it is important 
to bear in mind that the effect of the influencing dietary factors only is valid when 
present in the same meal. Some of the most thoroughly studied and recognized dietary 
factors affecting non-heme iron absorption are calcium, polyphenols, phytate (inositol 
phosphates), meat (including poultry, fish and seafood), and ascorbic acid. The dose-
response relation between these factors and their effects on nonheme-iron absorption 
differs in appearance. For example, calcium (Ca) has an iron inhibitory “window” of 
~50-300 mg. In practice this means that a further Ca intake above, e.g. a large glass of 
milk (2.5 dl) has, in the same meal, no further inhibitory effect on iron absorption 
(Hallberg, et al. 1991a).  
 
Interestingly, Ca does inhibit both non-heme iron and heme iron absorption. Besides 
meat it is the only dietary factor known to influence heme-iron absorption (Hallberg, et 

al. 1991a). The mechanism seems to be found in the site of action. Unlike other dietary 
factors which acts in the intestinal lumen, Ca has been proposed to act inside the 
mucosal cell (Hallberg, et al. 1992). As a consequence, the Ca mediated inhibition of 
iron can not be counteracted by, the otherwise very potent iron absorption enhancers, 
ascorbic acid and meat (Hallberg, et al. 1992). However, it is possible by dietary 
restructuring to meet the needs for both iron and Ca. This could be achieved by 
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restricting calcium intake with main meals, which usually contain most of the dietary 
iron and place the Ca intake in connection to meals low in iron content (Gleerup, et al. 
1995).  
 
Polyphenolic compounds is a large heterogeneous group of molecules which exist in 
colored varieties of cereals, legumes, fruits and berries, and as well in wine, tea, coffee 
and cocoa. Some of the more than 5000 known polyphenolic structures are potent 
inhibitors of iron absorption. However, their potency regarding their inhibitory effect 
differs. Thus, the content of iron binding polyphenols in a meal is sometimes 
expressed as tannic acid equivalents. The major inhibitory effect from polyphenols 
seems to exists in the first 100 mg tannic acid equivalents (Brune, et al. 1989, 
Gillooly, et al. 1983, Tuntawiroon, et al. 1991). As an example, a cup of black tea 
carry approximately 30 mg tannic acid equivalents. 
 
The most frequent existing iron absorption inhibitor is probably phytic acid (or phytate 
when in the form of salt) (Hallberg, et al. 1989a, Siegenberg, et al. 1991). Since 
phytate, the six phosphates ester of inositol, is the most abundant form of phosphorus 
in cereals it is often expressed as phytate phosphorus (phytate-P). There are also data 
indicating that the number of phosphate groups is the best expression of the inhibitory 
effect from phytic acid (Brune, et al. 1992). When it comes to intake levels in different 
populations and diets there are not much data available. The daily median intake of 
phytate-P in, for example, rural central Mexico has been shown to be as high as ~1150 
mg/day (Backstrand, et al. 2002). The principal sources in this setting were tortilla and 
legumes, where the maize based tortillas were responsible for almost 90% of the 
phytate-P. A more modest intake level has been reported from the UK where the daily 
phytate-P intake was around 100-200 mg (Wise, et al. 1987). The main part was 
coming from breakfast cereals and whole meal bread. Studies have shown that it is the 
first 10-20 mg phytate-P in a meal that exerts the largest inhibitory effect. Additionally 
increase of the amount of phytate-P in the same meal has minor relative effect 
(Hallberg, et al. 1989a, Hallberg, et al. 2000b). Consequently, complete elimination of 
phytate content is recommended. If this is not feasible, the phytic acid to iron molar 
ratio should be decreased to below 1:1 or 0.4:1 (Hurrell 2004). 
 
An effective way of improving dietary iron bioavailability is by adding animal tissue 
(Gibson, et al. 2003). Recently it was shown that meat intake has an impact on iron 
status (Tetens, et al. 2007). The enhancing effect on iron absorption caused by meat 
has resulted in the denomination “meat factor” or “factor X”. And although this meat 
factor has been known for several decades (Layrisse, et al. 1969), the full mechanism 
is still unrevealed. It has been suggested that the effect is due to different amino acids. 
Some effects have been seen from cysteine (Martinez-Torres, et al. 1981) (Taylor, et 

al. 1986) and glutathione (Layrisse, et al. 1984). However, there are also results that 
contradicts the enhancing cysteine effect (Baech, et al. 2003b). The animal products, 
egg albumin and casein, has been shown not to enhance non-heme iron (Bjorn-
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Rasmussen, et al. 1979, Cook, et al. 1976). Recent data also suggests that 
phospholipids isolated from beef may have enhancing effects on non-heme iron 
absorption (Armah, et al. 2008). Interestingly it was shown that beef stimulates gastric 
acid secretion, which also enhanced iron absorption in patients with achlorhydria. It 
was hypothesized that the meat effect is physiological, acting through stimulation of 
intestinal secretion (Bjorn-Rasmussen, et al. 1979). According to these results the meat 
factor seems not to be attributable to a single factor, but rather to be multifactoral. 
 
Another effective way of improving iron bioavailability is through addition of ascorbic 
acid, which has been shown to counteract the dose-dependent inhibitory effect of 
phytates and polyphenols (Hallberg, et al. 1989a, Siegenberg, et al. 1991). It has been 
observed that it is the first 25-75 mg of AA added to a meal that is the most important 
in enhancing iron absorption (Hallberg, et al. 1986a). When aiming at enhancing iron 
absorption a weight ratio of ascorbic acid to iron of 6:1 to 13:1 has been proposed, 
depending on the amount inhibiting factors (Hurrell 2002, Lynch, et al. 2003). Also 
meat has this counteracting effect on the inhibitory effect of phytates, even though not 
as well defined compared to ascorbic acid and only seen at higher phytate 
concentrations (Bjorn-Rasmussen, et al. 1979, Hallberg, et al. 1989a). 
 

Subject-related factors 
As mentioned, the human body has, apart from menstruation losses, no physiological 
mechanism for iron excretion. This makes iron absorption and its regulation the key 
mechanism in maintaining a constant iron balance. A failure of this regulation can 
result in extensive negative health problems due to iron deficiency anemia or 
hemochromatosis. Consequently, the iron homeostasis is carefully controlled in 
healthy individuals (Bezwoda, et al. 1979, Cook, et al. 1974, Taylor, et al. 1988). In a 
healthy individual, the iron status is the predominant physiological factor controlling 
the iron absorption (Baynes, et al. 1987, Magnusson, et al. 1981, Taylor, et al. 1988). 
Both heme and non-heme iron absorption has a negative correlation with iron status, 
although the effect is more pronounced for non-heme iron (Hallberg, et al. 1979).  
 
The definition of iron balance is a condition when the amount of absorbed iron from 
the diet equals the amount of iron needed to cover the physiological iron requirements. 
This is a condition which the body constantly strives at by effectively controlling the 
iron absorption (Bothwell 1995, Hallberg, et al. 1997, Hallberg, et al. 1995, Hallberg, 

et al. 1991b, Hulthén, et al. 1995, Hunt, et al. 2000, Sayers, et al. 1994).  Therefore, 
when iron stores increases, for example owing to a dietary change to a better iron 
bioavailability, the body starts to negatively regulate iron absorption aimed at reaching 
new steady-state equilibrium. When the conditions are reversed, i.e. decreased iron 
stores, the body again strives at a steady-state condition by up-regulating the iron 
absorption whereupon the decrease in iron stores levels out. However, since the 
absorption from a diet of low bioavailability or low iron content only can be adaptively 
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up-regulated to a certain degree, the counteracting effect of iron absorption has its 
limitations. This limitation is most explicitly manifested as iron deficiency. 
 
Another factor having an extraordinary effect on iron absorption, and the whole iron 
homeostasis, is the immunological acute phase triggered in the event of infection or 
inflammation. This will cause an almost instantaneous down-regulation of iron release 
by enterocytes and macrophages (Fillet, et al. 1989), a reduced iron absorption from 
the intestinal lumen, and at the same time an increased iron uptake by reticulo-
endothelial cells (Lynch 2007). The effect of the inflammation-induced hypoferremia 
is characterized by a decreased serum iron (see figure 1), total iron binding capacity, 
transferrin saturation, (Beresford, et al. 1971, Hoppe, et al. 2007, Jurado 1997, 
Weinberg 1978). Following inflammation and infection there is also a rise in the serum 
ferritin concentration (S-ferritin) not reflecting iron status (Birgegard, et al. 1978, Elin, 

et al. 1977, Eskeland, et al. 2002, Hulthen, et al. 1998). If this inflammation-induced 
hypoferremia proceed the erythropoiesis will run short of available iron, which will 
hamper the production of red blood cells. Thus, a prolonged effect of these alterations 
will give rise to the so-called anemia of inflammation. The hypoferremia and anemia 
associated with infection and inflammation was described more than 60 years ago 
(Cartwright, et al. 1946). The mediator responsible for maintaining iron balance, as 
well as the acute-phase altered iron kinetics, appears to be hepcidin, a recently 
discovered peptide synthesized in the liver (Ganz, et al. 2006, Lynch 2007), and which 
by some has been referred to as the “holy grail” of iron metabolism. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.  The impact of infection on serum iron concentration.  
Outbreak of a common cold during an OITT (100mg Fe) in a 28-year-old  

male, and the effects on the induced increase in S-Fe. The S-Fe response 

observed in 41 healthy males during the same test procedure is given as a 

reference (mean ± SEM) (Hoppe, et al. 2007). 
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Iron metabolism 
 

Absorption – the mechanism 

Iron in the gastrointestinal lumen is absorbed by the epithelial mucosa cells mainly in 
the duodenum and upper jejunum. The cellular uptake differs depending on whether 
the iron is in inorganic (elemental/ionic, i.e. non-heme) or organic (incorporated into 
the porphyrin skeleton as heme) form. The latter is more efficiently absorbed even 
though the exact mechanism is enigmatic (Hallberg, et al. 1992). However, a brush 
border heme transporter, heme carrier protein 1 (HCP1), was recently identified. This 
HCP1 was shown to be saturable as well as regulated by iron status (Shayeghi, et al. 
2005). Earlier studies have shown that heme iron is absorbed by the mucosa cells as a 
intact iron-porphyrin-complex (Hallberg, et al. 1967, Raffin, et al. 1974). In the 
enterocytes the protoporphyrin is degraded by heme oxygenase, whereupon the iron is 
released into the same pool as the non-heme iron (Hallberg, et al. 1979, Raffin, et al. 
1974). The two forms of iron partly share the same absorption pathway across the 
mucosal border. There are findings suggesting that the heme-iron absorption pathway 
in human is saturable somewhere at 15 mg heme-iron (Pizarro, et al. 2003), which 
could be a result of limited available heme oxygenase and/or HCP1. The influence of 
iron status on heme-iron absorption is small at low doses, but high at larger doses 
(Hallberg, et al. 1979), suggesting that heme oxygenase, as HCP1, also is regulated by 
iron status. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 

Figure 2. Intestinal iron absorption.  
Fe

2+
: ferrous iron; Fe

3+
: ferric iron; DMT1: divalent metal-

ion transporter 1; DCYTB: duodenal cytochrome b; HCP1: 

heme carrier protein 1; HEPH: hephaestin; FP: ferroportin;  

TF: transferrin. 
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The inorganic non-heme iron is primarily absorbed as Fe2+ (ferrous). Thus, in order to 
pass into the enterocyte, dietary iron in the ferric (Fe3+) form is first reduced to ferrous 
by the enzyme duodenal cytochrome b (DCYTB). The transport from the apical 
cellular membrane into the enterocyte is then taken care of by the divalent metal-ion 
transporter 1 (DMT1). Once inside the cell all iron, independent of its original dietary 
form (heme or non-heme), enter the same common pool. The last step before entering 
the circulation is the basolateral membrane transport. This goes via the ferroportin 
(FP) protein, to the plasma carrier transferrin (Tf), which transports the iron 
throughout the body and eventually docking with transferrin receptors (TfR) on the 
surface of iron needing cells (Mackenzie, et al. 2008). However, before the iron can be 
transferred over to Tf, FP must couple with hephaestin (Heph), whose ferroxidase 
activity oxidizes Fe2+ into Fe3+. Although iron carried by Tf (i.e. serum iron) is 
distributed to all cells in the body the main part is used by the formation of 
hemoglobin. 
 
 

Serum iron kinetics 
Serum iron or plasma iron is the fraction of iron that is transported in the blood bound 
to the protein transferrin. Iron that binds to transferrin is either absorbed from the 
intestinal lumen or released from the iron stores or macrophages as result of the 
destruction of worn out erythrocytes, which is the main part. As a result of this the 
actual serum iron concentration (S-Fe) is the sum of the inflow of absorbed iron and 
the endogenous transport in and out of the circulation (see Figure 3). At the same time 
as iron is taken up from the intestinal lumen and transported into the circulation there 
is a simultaneous outflow of iron to the reticulo endothelial system (RES) and other 
stores. Thus, there is a constant flow of iron through the serum iron pool/compartment. 
Since the amount of iron in the serum at any given time is almost 10 times lower 
compared to the daily turn-over, S-Fe can rapidly be affected by various conditions. 
For example, infection or inflammation is characterized by a significant decrease in S-
Fe (Beresford, et al. 1971, Hoppe, et al. 2007, Jurado 1997, Weinberg 1978), while 
hemochromatosis can give rise to extremely raised serum ferritin concentrations which 
affects S-Fe (Pietrangelo 2004). 
 
As a clinical tool S-Fe provides little useful clinical information because of the rather 
large within-day and day-to-day variations, which makes it unachievable to assess iron 
status from S-Fe (Borel, et al. 1991, Dale, et al. 2002, Ekenved, et al. 1976b, 
Hamilton, et al. 1950, Hoppe, et al. 2003, Høyer 1944, Laurell 1952, Long, et al. 
1978, Pilon, et al. 1981, Romslo, et al. 1988, Schwartz, et al. 1968, Sinniah, et al. 
1969, Statland, et al. 1976, Waldenström 1946, Wiltink, et al. 1973, Winkel, et al. 
1974). However, there is discrepancy about when the S-Fe peak appears. 
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Figure 3. Factors controlling the turn-over in serum iron concentration. 

The serum iron concentration at any given time is primarily determined by 

the inflow of absorbed iron from the intestine, and the transportation in- 

and out of the serum due to hemoglobin (Hb) synthesis- and degradation. 

RES: reticulo endothelial system  

 
Factors influencing serum iron concentration 
Besides the above mentioned major factors there are several additional parameters that 
theoretically also could influence the serum iron concentration (S-Fe). Studying 
posture, that is lying, standing or sitting upright during 30 minutes prior blood 
sampling, did not significantly affect S-Fe (Statland, et al. 1974). 
 
When it comes to dietary intake there are some contradictory results (Navarro, et al. 
2003, Sinniah, et al. 1969, Statland, et al. 1973b, Wiltink, et al. 1973). However, 
despite these conflicting observations, the relative small amount iron present in a 
normal meal is not capable to raise the S-Fe to any appreciable extent. In order to use 
an oral iron tolerance test (OITT) to detect significant changes in iron uptake from 
different meals or iron preparations, there is need for doses in the pharmacological 
range. On the other hand it is vital that the iron dose is not too large so it exceeds the 
TIBC. If this happens a part of the absorbed iron will be deposited in the liver during 
the first passage (Fawwaz, et al. 1967, Wheby, et al. 1964). These limitation narrows 
down the size of the usable-dose-window for the OITT. 
 
As mentioned earlier (Figure 1), inflammation or infection alters iron metabolism 
(Chiari, et al. 1995, Elin, et al. 1977, Eskeland, et al. 2002, Hoppe, et al. 2007, 
Kemna, et al. 2005, Srinivas, et al. 1988). The main thread in these studies is the 
considerably drop in S-Fe below the normal range due to the acute-phase response. 
The responsible mediator is hepcidin, which acts by down-regulating iron release by 
enterocytes and macrophages (Ganz 2003), and by internalizing and degrading 
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ferroportin, leading to decreased export into the circulation of absorbed and released 
iron (Nemeth, et al. 2004).  
 
In the context of physical activity there is lacking consensus regarding the effect on S-
Fe (Aruoma, et al. 1988, Cordova Martinez, et al. 1992, Gimenez, et al. 1988, Ricci, et 

al. 1988, Schmid, et al. 1996, Taylor, et al. 1987, Wirth, et al. 1978). Taken together 
these results indicate that strenuous physical activity can have an effect on S-Fe, 
whereas mild physical activity most likely does not. Although interleukin-1 has been 
shown to regulate hepcidin transcription (Lee, et al. 2004) and respond to strenuous 
physical activity, it does not seem like it affects S-Fe (Weight, et al. 1991). This 
suggests that physical activity and acute phase response have different metabolic 
pathways.  
 
 

Methods for assessing iron absorption & bioavailability 
 

Bioavailability – definition 

The definition of “iron bioavailability” can be expressed as “the part of an orally 
administered iron dose that reaches the blood circulation and by that can be used for 
physiological functions”. According to this definition, an optimal bioavailability is 
dependent on an optimal digestion and solubility, an optimal transport over the 
mucosal layer into the circulation, and finally an optimal incorporation into target 
organs. Although the ultimate method to assess iron bioavailability should relate to all 
these steps, any of these steps can be used as an isolated measure to estimate bio-
availability. 
 
The second step, i.e. the transport over the mucosal layer into the circulation, is in 
strict sense “absorption”. However, the terms “bioavailability” and “absorption” are 
commonly used synonymous, which when considering the above described definition 
is somewhat confusing. Pragmatically, the term “absorption” is primarily a 
quantitative measure, which can be used to assess bioavailability, whereas the term 
“bioavailability” is more of a qualitative measure used to express the total utilization 
of a specific iron compound.  
 
A commonly used concept is the Relative Bioavailability Value (RBV). RBV is 
obtained by comparing the estimated bioavailability (which in turn can be obtained at 
any of the three steps mentioned above) for a specific iron compounds to the same 
from a reference iron powder. A reference iron powder is one that is considered as 
having the most efficient bioavailability, e.g. ferrous sulfate. 
 

There are a plentiful number of techniques developed to assess iron bioavailability 
(and absorption). Several of them can be combined creating a vast number of methods 
with varying accuracy when it comes to accomplish results relevant in humans. 
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However, all techniques and methods have limitations and advantages, and the balance 
between these differs depending on the context they are used in. 
 

Solubility and dialyzability 

Solubility is the first step in covering the bioavailability definition mentioned above, 
and thus a necessity for iron absorbability. Consequently, methods designed to study 
solubility of iron have been developed. However, owing to the complex environmental 
conditions in the gastrointestinal tract, together with the influence from dietary factors 
capable of forming iron-ligand complexes, human in vivo conditions can be fairly 
difficult to mimic. 
 
In order to simulate the gastrointestinal environment a commonly used procedure is to 
measure the solubility in dilute hydrochloric acid (HCl) (Forbes, et al. 1989). To 
further mimic the iron absorption taking place in vivo, methods also introducing the 
aspect of dialyzability have been used (Miller, et al. 1981). The principle of the 
dialyzability method is that following an in vitro enzymatic digestion of a test meal the 
dialyzable iron passes over a dialysis membrane, which then can be quantified by 
spectrophotometry (Hurrell, et al. 1988). Recently it was suggested that the dissolution 
rate in 0.1 mol/L HCl could be a base for developing a reliable in vitro screening test 
to predict the RBV of elemental iron compounds (Swain, et al. 2003). The evaluated 
dialyzability method, however, was inadequate in predicting RBV (Swain, et al. 2003). 
The difficulties with using dialyzability to assess RBV has also been reported by 
Forbes at al (Forbes, et al. 1989). 
 

Caco-2 cells 
A commonly used in vitro model is the uptake of iron by Caco-2 cells. Although these 
cells are derived from human colon adenocarcinoma, they exhibit many features of 
small intestinal cells, including the influence from dietary factors on iron absorption 
(Han, et al. 1994, Han, et al. 1995). One indicator of the iron uptake in Caco-2 cells is 
the ferritin formation in the cells (Glahn, et al. 1998). Another approach to study 
Caco-2 uptake is to use radioactive iron isotopes (Han, et al. 1994). The Caco-2 cell 
model has in some studies proved to be a rapid screening procedure of the potential 
maximum bioavailability for iron compounds (Fairweather-Tait 2001).  
 

Balance technique  

This method is one of the first used to study iron absorption. The basis for the balance 
technique is the difference between input and output. After oral administration of a 
known amount of iron, a fecal collection period is performed. The iron absorption is 
then measured indirectly by calculating the difference between oral input and fecal 
output. The primary disadvantage of this method is that it is very laborious and 
expensive. And although several fecal markers can be used to ensure complete fecal 
collections, and stable isotopes can be used, the balance technique also has the 
disadvantage of being imprecise (Rossander, et al. 1992). 
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Hemoglobin repletion test in rats 

Studies have shown that dietary inhibitors and enhancers of non-heme iron absorption 
had different effects in humans and in rats (Reddy, et al. 1991). Consequently, rodents 
can not be considered a suitable model for studying the effect of different dietary 
factors on human iron absorption. However, if using one and the same standardized 
meal/diet, and preferably excluding dietary factors known to influence iron absorption, 
the hemoglobin repletion test in rats has been suggested as a useful technique to assess 
the RBV of different iron compounds. Different groups of male anemic rats are fed 
diets fortified with either the iron compound in question, or a control iron which the 
result from the iron compound is expressed relative to. Each iron compound (including 
the control iron) is fed to three groups of rats in three different concentrations, and the 
increase in Hb is measured after 14 days. The RBV of the iron compound in question 
is obtained by comparing the plotted slope between the iron concentration and the Hb 
after two weeks, against the same slope obtained from the control iron (Swain, et al. 
2003). 
 

Radioiron isotopes  

Since the first radioiron study almost 70 years ago (Hahn, et al. 1939), the two 
radioactive isotopes of iron (55Fe and 59Fe) have been extensively used in the study of 
iron absorption. The methodology has been subject for discussion in numerous papers 
and theses. One of the advantages of using the double radioisotope method is that each 
subject acts as her/his own control. The basis for this methodology lies in the “pool 
concept” which was introduced during the development of the extrinsic tag technique. 
When a single food stuff, which had been biosynthetically labeled with one radioiron 
isotope, was mixed together with iron salt labeled with the other radioiron isotope, the 
absorption from the two isotopes were practically identical (Cook, et al. 1972, 
Hallberg, et al. 1972). This identical absorption from both the extrinsic (iron salt 
labeled) isotope and the intrinsic (biosynthetically labeled) isotope remained even 
when meals having different iron bioavailability were served. The explanation for this 
is that there is an isotopic exchange through diffusion between the extrinsically added 
iron and the native iron in the food stuff. This isotopic exchange takes place in a 
common available pool of iron. However, there are some exceptions from this 
diffusion controlled isotopic exchange, and that is whole unpolished rice, which hard 
outer layer inhibits diffusion. Also ferritin, and some iron fortificants with low 
solubility have been found to be exceptions from this isotopic exchange (Hallberg 
1981).  
 
The iron absorption is assessed by calculating the difference between the administered 
radioactivity and the radioactivity measured either in blood or in the total body. Thus, 
radioiron isotopes absorption can be assessed either by whole body counting, or by 
using the iron incorporation in erythrocytes. When using the iron incorporation in 
erythrocytes to assess iron absorption two important estimations must be done. These 
are the percentage of absorbed iron that is incorporation in erythrocytes, and the actual 
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blood volume of the subject. In healthy subjects having normal iron status, 
approximately 80 % of absorbed iron will be incorporated into erythrocytes. However, 
this figure can differ depending on e.g. iron status, or presence of inflammation or 
infection. Estimates for blood volume are usually calculated from sex, weight, and 
height. 
 
When using the whole body counting to assess iron absorption no such estimation is 
needed. Two weeks post-meal administration, the iron absorption from the 59Fe (a γ-
emitting isotope) labeled meal is calculated as the percentage of detected whole-body 
radioactivity, corrected for physical decay and background radioactivity. However, 
absorption from 55Fe, which is a β-emitting isotope, can not be detected by whole-
body counting. Thus, after the WBC, a blood sample is drawn in which the relative 
absorption of each of the isotopes is determined using a liquid scintillator. This relative 
absorption is then used to calculate the total body 55Fe absorption. Combined with 
whole body counting, the double isotope method can be considered the present golden 
standard in iron absorption methodology. 
 
Since iron absorption is affected not only by the composition of the meal but also the 
individual iron status (Baynes, et al. 1987, Magnusson, et al. 1981, Taylor, et al. 
1988), there is a problem when making comparisons between different meals 
administered to subjects with different iron status. Hence, there has been an informal 
agreement of normalizing iron absorption results to the 40 % absorption from a 
reference dose of iron. The normalized meal absorption is the iron absorption for an  
individual having a reference dose absorption of 40 % (Magnusson, et al. 1981), 
corresponding to borderline iron deficit individuals not having developed anemia. The 
absorbed amount of iron at this standardized iron status is obtained by multiplying the 
meal and reference dose ratio with 40 (see page 26). For an example of an 
implementation of the methodology using radioiron and whole body counting see the 
Material and method section. 
 
An alternative approach of normalizing the meal absorption values is the usage of 
serum ferritin as a proxy for iron status. Since a reference dose absorption of 40%, 
corresponds to a serum ferritin of 23 µg/L (Hallberg, et al. 2000b), the same effect is 
obtained by normalizing iron absorption to a ferritin concentration of 23 µg/L, as when 
normalizing to 40 % reference dose absorption. However, the influence of a triggered 
acute phase reaction can impair this normalization (Hulthen, et al. 1998). 
 
Iron absorption from single meals, as well as whole diets (Gleerup, et al. 1995), can be 
studied using radioiron labeling. To study heme iron absorption biosynthetically 
labeled hemoglobin must be used (Hallberg, et al. 2003). 
 
Due to the inadequate solubility of elemental iron powders there would be an 
inadequate isotopic exchange between an extrinsic marker and an elemental iron 
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powder. Thus, the extrinsic tag method using radioactive iron isotopes can not be used 
to study absorption from elemental iron. However, a way of using radioisotopes when 
studying the RBV of elemental iron powders is to label the elemental iron by neutron 
radiation (Hallberg, et al. 1986b). There are only a few such previous studies in human 
subjects using elemental iron powders labeled with radioiron (Bjorn-Rasmussen, et al. 
1977, Cook, et al. 1973, Forbes, et al. 1989, Hallberg, et al. 1986b, Hoglund, et al. 
1969, Rios, et al. 1975). In these studies there were some divergent results on 
bioavailability that most likely derives from the fact that different elemental iron 
powders differ in physicochemical properties. Even powders manufactured by the 
same method can vary considerably when it comes to solubility, particle size and 
reactive surface area (Hurrell, et al. 2002).  
 

Stable iron isotopes  

There are certain circumstances when the usage of radioactivity could be questioned. 
Examples of such situations are studies in children and pregnant women. During such 
conditions the stable iron isotopes 54Fe, 57Fe and 58Fe can be used in various designs 
(Abrams 1999). A innovative stable isotope method using 57Fe and 58Fe to study iron 
absorption in infants has been published (Kastenmayer, et al. 1994). The isotopic 
enrichment of iron in erythrocytes was measured by mass spectrometry at baseline and 
14 days post administration, and iron absorption from two different meals was 
calculated based on isotope ratio shifts, total circulating iron and intake of each 
isotope.  
 
Another approach of using stable isotopes has been used to study iron absorption in 
pregnancy (Whittaker, et al. 1991). In this design the subjects are injected 
intravenously with 187 µg 57Fe, whereupon a solution containing 5 mg 54Fe as FeSO4 

together with ascorbic acid is administered orally. Blood samples are then collected 
every 30 min during 6 h. The fractional absorption of 54Fe is assessed by calculating 
the area under the serum iron curve for 54Fe/56Fe and 57Fe/56Fe. 
 

However, if aiming at using stable isotopes in the study of elemental iron 
bioavailability the same aggravating circumstances exists as for radioiron isotopes. In 
order to label an elemental iron compound the isotope and the elemental iron 
compound must have the same exact physicochemical properties. Otherwise there will 
be no isotopic exchange. And, as in the case with radioiron, the only possibility is to 
synthesize an isotopically enriched form of the iron compound under study. 
 

Oral iron tolerance test 

Post-absorption serum iron increase has mostly been used to study iron absorption 
from iron preparations for pharmaceutical purposes and for diagnosis of iron 
deficiency (Ekenved 1976a, Ekenved, et al. 1976a, Gonzalez, et al. 2001, Kelsey, et 

al. 1991, Nielsen, et al. 1976). When the purpose has been to evaluate the usefulness 
of this method in discriminating between normal and iron deficient individuals the 
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small-dose iron tolerance test, using iron doses of 5-20 mg, is the most commonly used 
(Costa, et al. 1991, Crosby, et al. 1984, Jensen, et al. 1998, Jensen, et al. 1999, 
Joosten, et al. 1997). The small-dose iron tolerance test is based on the fact that low 
doses of iron do not have the potential to induce any changes in S-Fe in subjects with 
normal iron status. But for a subject with iron deficiency the iron dose will give a 
detectable increase in S-Fe. However, this method is not applicable when to study the 
effect from dietary factors on iron absorption from meals, or the RBV of iron 
preparations. When using the OITT to study bioavailability of iron compounds there is 
a need for pharmacological doses which has given raise to questions concerning the 
usefulness of this method when predicting the outcome in a diet setting when much 
lower doses of iron are present. However, results suggests that the induced S-Fe 
increase following 100 mg iron added to a food could predict the iron absorption of a 
small dose of iron added to the same meal (paper II). 
 

Human efficacy 

A method similar, although considerably complicated, to the hemoglobin repletion test 
in rats is used in human efficacy trials. This method is a measure of the efficacy of a 
specific iron compound in increasing the iron status of a group in comparison of a 
control group. An efficacy trial is performed under strictly controlled conditions, in 
contrast to effectiveness trials which can be seen as a real life situation. Thus an 
effectiveness trial is subject to a variety of factors, e.g. distribution systems, 
compliance, and other biological factors, which makes it considerable more difficult to 
evaluate (INACG 2004). A well-designed human efficacy trial is characterized by 
randomization, double-blinded placebo-control, and a strict compliance control. Iron 
status parameters, such as hemoglobin, serum ferritin and soluble transferrin receptor 
concentrations, are measured at baseline and post-trial. Although human efficacy, and 
especially effectiveness, trials gives the best answer concerning the outcome in a real 
life situation, the cumbersome and expensive methodology make them unsuitable as 
screening tools. 
 

Mathematical models 
Over the years there have been many attempts to develop mathematical models for 
estimating iron absorption and bioavailability (Anand, et al. 1995, Bhargava, et al. 
2001, Du, et al. 2000, Hallberg, et al. 2000b, Monsen, et al. 1982, Monsen, et al. 
1978, Reddy, et al. 2000, Tseng, et al. 1997). The complexity of the many dietary 
factors and their interactions has made this challenging. The first model described for 
estimating iron absorption from different meals required the five factors, total iron, 
non-heme iron, heme iron, ascorbic acid, and meat (including fish and poultry). From 
this information any meal could then be classified as having high, medium, or low 
bioavailability (Monsen, et al. 1978). A more extensive algorithm for calculating 
absorption and bioavailability of dietary iron has been validated and published 
(Hallberg, et al. 2000b). The strength of this algorithm lies in all the known dietary 
factors, both enhancing and inhibiting, and their interactions that are taken into 
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account, as well as the possibility of converting the algorithm to any iron status 
(Hallberg, et al. 1997). However, as a result of this complexity, the accuracy of the 
algorithm is dependent on a total information of all dietary factors influencing iron 
absorption (Lynch 2005).  
 
 

Iron deficiency 
 

Definition of iron deficiency 

Iron deficiency can be divided into three phases, where the first phase is a decrease in 
the quantity of storage iron without any influence on the functional iron in the body. 
Thus, since maintaining an optimal Hb is of high priority for the body, this will take 
place without giving any clinical symptoms. Phase two is entered when further iron 
deficiency is taken place, introducing an inability to supply the iron demand from the 
erythropoiesis. This phase is sometimes referred to as “functional iron deficiency”. 
The last and most critical phase is entered when no iron has been available for the 
erythrocyte production, and a definite anemia is diagnosed (Figure 4). 
 
 

 

 
 

Historical background 

Chlorosis, in descriptive term meaning "pale disease", is an old name of what now 
generally is believed to be hypochromic and microcytic anemia, which primarily is 
caused by iron deficiency (together with copper deficiency) (Poskitt 2003). The first 
time it was described was probably by Hippocrates from Kos about 400 BC. Chlorosis 
is characterized by a pale, greenish complexion, which also endowed this disease the 
name “virgin’s disease” or green sickness”. The first time iron was suggested as a 
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Figure 4. The three phases of Fe deficiency. 1): decrease in storage iron 

2): functional iron deficiency 3): established Fe deficiency anemia. 
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treatment for chlorosis was in 1577 when the Spanish physician Nicolas Monardes 
published his “joyful news out of the new-found world” (Fox 2003). However, the 
empirical evidence for this hypothesis was laid forward almost 200 years later (1747) 
by the Italian physician Vincenzo Menghini. After observing that dried blood could be 
picked up by a magnet he draw the conclusion that blood must contain iron (Windsor, 
et al. 2007). A conclusion that later on lead physicians to use iron supplements in the 
treatment of chlorosis (Fox 2003).  
 

Consequences of iron deficiency 

Iron deficiency is globally the most common form of nutrient deficiency, affecting an 
estimated two billion people, and causing approximately 0.8 million deaths a year 
worldwide. In 2002 WHO ranked iron deficiency among the 10 leading risk factors for 
disease, disability and death (WHO 2002). And although iron deficiency (ID) is not 
the only cause of anemia, WHO estimated that iron deficiency is responsible for 
approximately 50% of all anemia cases. This would mean approximately 1 billion 
cases of iron-deficiency anemia (IDA) worldwide (WHO 2006). Thus, this nutrient 
deficiency has a major impact on health worldwide. In a public health perspective iron 
deficiency anemia can have far-reaching consequences owing to its effect on work 
capacity (Hunt 2002), resistance to infections, pregnancy and, not least, intellectual 
performances in the future resource of this world, the children (Cook, et al. 1994, 
WHO 2001). 
 
 

Anemia
 

(total population) 

Region 

No. 
(millions) 

% of total 

population 

Africa 244 46 

America 141 19 

South-East Asia 779 57 

Europe 84 10 

Eastern Mediterranean 184 45 

Western pacific 598 38 

TOTAL 2030 37 
 

Table 1. Prevalence of anemia according to WHO. Anemia is 

based on the proportion of the population with hemoglobin  

concentrations below established cut-off values (WHO 2006). 

 
Proposed consequences of iron deficiency, and primarily iron deficiency anemia, are 
diversified and range from the most commonly known, fatigue (Patterson, et al. 2001, 
Verdon, et al. 2003) and decreased aerobic performance (Brownlie, et al. 2002, 
Brutsaert, et al. 2003, Friedmann, et al. 2001, Hinton, et al. 2000), to altered cognitive 
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functions (Bruner, et al. 1996), immunes system alterations (Ahluwalia, et al. 2004), 
increased risk of maternal and child mortality (Brabin, et al. 2001a, Brabin, et al. 
2001b, Stoltzfus 2001), and thermoregulation disorders (Beard, et al. 1990, 
Rosenzweig, et al. 1999), to mention some. However, regarding cognitive and 
behavioral alterations, it has been proposed that it can be confounded by the fatigue 
and low physical energy level (McCann, et al. 2007). Additionally, due to the fact that 
the predominant iron transporter over the mucosa layer, the divalent metal transporter 
1 (DMT-1), has the ability to handle other divalent metal ions than Fe, iron deficiency 
leads to increased heavy metal absorption. It has been shown that iron deficiency 
during pregnancy leads to increased cadmium absorption (Akesson, et al. 2002), which 
consequently gives another dimension to ID as a health problem. 
 

Counteracting/combating iron deficiency 
 

"Food is medicine - hence let your medicine be your food"  
(Hippocrates, approx. 400 BC) 

 

However, as mentioned, during some specific circumstances there is need for more 
radical measures, i.e. fortification or supplementation. The most common nutritional 
way of combating iron deficiency (ID) and iron deficiency anemia (IDA) is by 
increasing the amount of iron in the diet. This is primarily achieved by fortification or 
supplementation. Since ID mainly is a consequence of poverty (even in some 
vulnerable groups in developing countries) this could also been accomplished by 
dietary improvements increasing the intake of iron rich foods (WHO 2001). However, 
owing to the substantial effect by the composition of the diet on non-heme iron 
absorption, an additional approach is to modify the composition of the diet, either by 
reducing the dietary factors having a negative effect on iron absorption, or increasing 
the factors having an enhancing effect (see page 4).  
 

Efficacy and effectiveness of iron fortification interventions 
Iron fortification as a measure of combating iron deficiency has been used for more 
than half a century and is still mandatory in many industrialized countries. Despite this 
long-term experience of iron fortification, no large-scale iron fortification 
interventions have been evaluated for effectiveness. Consequently, there are few data 
available to show the efficacy of iron fortification interventions in improving iron 
status (INACG 2004) (Hurrell, et al. 2002), especially interventions using iron 
fortification exclusively (i.e. plain iron-adding without modifying iron bioavailability). 
Studies of the effects on iron status of smaller iron fortification interventions, where 
fortification has been the only measure taken, have been controversial and not 
completely successful (Layrisse, et al. 1996, Sivakumar, et al. 2001). Studies reporting 
successful iron fortification interventions have with few exceptions also included 
encapsulation (Zimmermann, et al. 2004) or dietary bioavailability improvements, in 
the form of EDTA (Ballot, et al. 1989, Thuy, et al. 2003, Van Thuy, et al. 2005, 
Viteri, et al. 1995), fish powder (Lartey, et al. 1999) or/and ascorbic acid (Hertrampf, 
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et al. 1990, Walter, et al. 1993), as well. This makes the interpretation of the effects of 
the iron fortification alone difficult. And since there are observations indicating that 
low iron bioavailability diets can be a cause of iron deficiency anemia (Zimmermann, 

et al. 2005), this suggests that the bioavailability aspect is of importance. 
Interestingly, a recent observation also suggest that the current global trend of 
increasing overweight and obesity may impair efforts to control iron deficiency 
(Zimmermann, et al. 2008). 
 

Iron fortificants 

There are many obstacles to ascend for a successful iron fortification program, which 
besides logistics also includes safety, technological and economical considerations 
(Bothwell 1994, Haas, et al. 2006). The diet related aspects to consider are primarily: 
an appropriate vehicle to which the iron can be added, and the actual absorbability of 
the fortification iron. 
There are large differences between different forms of iron fortificants when it comes 
to absorbability (Hurrell 2002, Hurrell, et al. 2002). A factor influencing the 
absorbability is the solubility in the gastro-intestinal tract. Consequently, iron 
compounds used as food fortificants can be divided into three categories: 

� water soluble 
� poorly water soluble but soluble in dilute acid 
� water insoluble and poorly soluble in dilute acid, 

where elemental iron powders (i.e. iron in its metallic state, Fe0) represents the third 
category, which per definition, has the poorest solubility in the gastrointestinal tract 
(Hurrell 2002). Elemental iron powders can, according to their method of production, 
be further divided into electrolytic, carbonyl, and reduced iron. Observations indicate 
that bioavailability of elemental iron can vary considerable. And since physiochemical 
characteristics can differ between elemental iron powders manufactured even by the 
same method (Hurrell, et al. 2002, Motzok, et al. 1978), it is important to evaluate 
every elemental iron fortificant before using them in fortification purposes. 
 
When choosing iron fortificants, not only the bioavailability is of significance, but also 
the applicability in the food stuff. For example are ferrous sulfate (FeSO4), and other 
soluble iron powders having high bioavailability, chemical reactive and acting as pro-
oxidants. Thus, they can give rise to unpleasant color-, smell- or taste alterations in the 
food stuff which they are added to (Hurrell, et al. 1989). In many cases this makes 
ferrous sulfate and other soluble iron powders unsuitable for fortification. Elemental 
iron powders, on the other hand, is much more stable and do not cause adverse effects 
on the organoleptic qualities of the food vehicle (Hallberg, et al. 1989b). 
 
Consequently, there is a relationship between solubility (and bioavailability) and 
adverse effects on the organoleptic qualities of the food vehicle. Roughly this means 
that, the better absorbability, the more unacceptable effects on taste and color. 
Unfortunately, this makes the choice of iron fortificant a compromise between 
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chemical reactive iron compounds with high bioavailability and more stabile iron 
compounds with lower bioavailability. This complicating effect on the organoleptic 
qualities is also why elemental iron powders, in spite of being water insoluble and 
poorly soluble in dilute acid, commonly is chosen as fortificants. But since 
bioavailability data in humans of elemental iron powders available on the market is 
limited, this calls for studies on their nutritional value in humans. 
 
 

Background summary 
There are three closely-related iron absorption aspects to consider; the iron 
bioavailability of the diet, bioavailability of the used iron fortificants, and the amount 
of iron in the diet (iron fortification). When it comes to the scientific evidence for the 
comparative effect from each of these measures in improving iron uptake in man, there 
are still questions. Consequently, the comprehensive question arising from this is;  

 

What is the best course of action when it comes to improving iron uptake in man, 

increasing the amount of iron or enhancing the bioavailability, 

i.e. iron fortification or diet modification? 
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                                                                            AIMS 
 

 

The overall aim of this thesis was to increase the knowledge regarding the effect 

of diet modification and fortification on iron absorption in humans. 

 
The specific aims were: 

� To standardize and validate an iron tolerance test (paper I & II). 
 

� To characterize the relative bioavailability in humans of a collection of samples 
of elemental iron powders reflecting the elemental iron fortificants available on 
the market in 2001 (paper III). 

 
� To study both the separate effect of a fine particle meat powder, and the 

combined effect of meat powder and ascorbic acid (AA), on iron absorption 
when added to a meal with low iron bioavailability (paper IV). 

 
� To study both the separate, as well as the combined, effect induced by dietary 

modifications and iron fortification on the quantity dietary iron absorbed (paper 

V). 
 

 

  



Iron Absorption in Man 

 22 
 
 

MATERIALS AND METHODS  
 

Summarized thesis description 
 

Paper I and paper II describes the development of the method and design, which 

later on was used in paper III.  

Iron absorption from elemental iron fortificants was studied in paper III, 

whereas paper IV studied the effect of dietary modifications on iron absorption. 

Finally were both these approaches, alone and in combination, studied in paper 

V. 

 

Paper I was aiming at describing a standardized design for measuring the induced 
increase in S-Fe over time in a homogenous group of subjects having a high absorption 
capacity. Also a modified assay for analyzing serum iron concentration was described. 
To study the usefulness of this standardized oral iron tolerance test (OITT) the RBV of 
two different elemental iron powders were studied in two groups of human subjects. 
 
Although Ekenved et al (Ekenved 1976a, Ekenved, et al. 1976b) had validated the oral 
iron tolerance test, we decided to control how well our OITT design correlated with 
radioiron absorption measured with whole-body counting. Thus, in paper II, the iron 
absorption accuracy of the OITT used in paper I was validated. 
 
In paper III, the OITT and the design standardized and validated in paper I-II was 
used to assess the RBV of seven different elemental iron powders used as fortificants 
in 2001. 
 
The next question, which was put forward in paper IV, was how dietary modification 
using meat, alone or together with ascorbic acid affects the non-heme iron absorption 
in human. In the case with the meat, not only the non-heme iron but also the heme iron 
absorption was investigated. 
 
Finally, after observing the very potent enhancing effect from meat and AA on a meal 
with low dietary iron bioavailability, and the variety in RBV of different elemental 
iron powders, the following question was raised in paper V: How does different 
degree of dietary modifications and/or iron fortification levels affect Fe absorption and 
rates of changes in iron stores? 
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Design & Methods 
 

Paper I 

To evaluate weather an OITT could be used to distinguish between the RBV from 
different compounds, two groups of subjects performed three OITT´s approximately 
eight weeks apart. The measurement was described as the area under the serum iron 
concentration curve during six hours (S-Fe AUC0-6h) following administration of 100 
mg iron. At the three different occasions each subject was served a meal consisting of 
one wheat roll fortified with either 100 mg of one of two different elemental iron 
powders, or as FeSO4. In order to study the diurnal variation in S-Fe a negative 
control, containing no iron, was also served at one of the occasions.  
Eight weeks prior to each occasion the subjects had donated blood (~450ml) at the 
blood donor centre. After each day of investigation the subjects donated blood after a 
minimum of two days and a maximum of seven days. Eight weeks later, counting from 
the day of blood donation, the next day of investigation was scheduled (Figure 5). 
The principle for the serum iron assay was that the iron is reduced by thioglycolic acid 
and is dissolved by hydrochloric acid (HCl). The proteins are precipitated by adding 
trichloroacetic acid, where after the iron is forming a colored complex together with 
sodium acetate-bathophenanthroline, which is measured photometrically (λ = 540 nm). 
 

 
 
 
 
 
 
 
 

 
Figure 5. Study design in paper I & III. BD: blood donation, OITT: oral iron 

tolerance test 

  
 

Paper II 

In order to study the validity of the OITT described in paper I the subjects were, on 
three consecutive mornings, served a wheat roll fortified with FeSO4. On the first two 
days the roll was fortified with 3 mg iron labeled with 59Fe, whereas on day three the 
roll was fortified with 100 mg iron labeled with 55Fe. The iron absorption from both 
these doses, as well as the S-Fe response from the 100 mg dose during six hours (S-Fe 
AUC0-6h), was studied. Whole-body counting was performed approximately two weeks 
post test meal where after a blood sample was drawn in order to calculate the whole-
body retention of both isotopes (Figure 6). For procedure see paper IV below. 
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               Figure 6. Study design in paper II 

 
 

Paper III 
The, in paper I-II, described and validated method and design for measuring induced 
increase in S-Fe over time (S-Fe AUC0-6h) was used to assess the RBV of seven 
different Feelem. One of the Feelem was also administered together with 50 mg ascorbic 
acid (AA). The design was the same as described in paper I, with the exception that 
three groups was studied. Further was no negative control served in the third group. 
The reason was that the result concerning the diurnal variation observed in group 1 and 
2 was considered constant enough to be applied in the third group as well. 
 

Paper IV 

The study comprised four different experiments where two different dietary 
modifications of a basal meal with low iron bioavailability were studied. The dietary 
modifications consisted of adding 20 g red meat (experiment 1 & 2), or adding meat 
together with 20 mg ascorbic acid (AA) (experiment 3 & 4). Two of the experiments 
(1 & 3) studied non-heme iron absorption, whereas the other two experiments (2 & 4) 
studied the total iron absorption (nonheme and heme iron). In experiments 1 & 3 the 
modified meal (A) and the basal meal (B) were labeled with the 2 radioiron isotopes 
55Fe and 59Fe, respectively, and served on four consecutive days (Figure 7). In 
experiment 2 & 4 the nonheme iron in the modified meal (A) was extrinsically labeled 
with 59Fe. Heme iron in the same meal was extrinsically labeled by using 
biosynthetically 55Fe-labeled rabbit hemoglobin. Each meal was served on two 
consecutive days. The reason for two servings per meal was to reduce the influence 
from the day-to-day variation in iron absorption (Bjorn-Rasmussen, et al. 1976, Brise 
1962) . 
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All meals were served to the subjects after an overnight fast, and the subjects refrained 
from consuming any food or drink, including water, for three hours after completing 
the meals. Iron absorption was determined after two weeks by isotope retention, 
assessed with whole-body counting and erythrocyte radioisotope incorporation. The 
absorption from the iron labeled with 59Fe (a γ-emitting isotope) was calculated as the 
percentage of whole-body radioactivity detected after 2 wk, corrected for physical 
decay and background radioactivity. However, absorption from 55Fe, which is not a γ-
emitting isotope, can not be detected by whole-body counting. Thus, after the WBC, a 
blood sample was drawn in which the relative absorption of each of the isotopes was 
determined using a liquid scintillator (Tri-Carb, Packard Instruments, Dallas). This 
relative absorption was used to calculate the total body 55Fe absorption (See figure 7 
for study design). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                 Figure 7. Study design for trial 1 and 3 presented in paper IV 
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 Table 2. The four different experiments presented in paper IV. The nonheme-

iron absorption and the total iron absorption from two different dietary 

modifications of a basal meal with low iron bioavailability were studied. 
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Reference dose absorption (%) 

 Meal Fe absorption (%) x 40 
= Normalized meal Fe abs. (%) 

The magnitude of the iron absorption from one and the same meal can differ in large 
between individuals, primarily due to differences in iron status. Thus, to facilitate 

comparisons with other studies, the individual iron absorption from the meals was 
normalized to the same iron absorption capacity. This was done by, after the WBC and 
taking the blood sample, administering a reference dose (10 ml 0.01 mol HCl 
containing 3 mg 59Fe-labeled iron(II) + 30 mg ascorbic acid). Iron absorption from this 
reference dose was assessed with whole-body counting after another two weeks. The 
iron absorption value from each of the meals was normalized to the iron absorption 
each individual had had if having a reference dose absorption of 40%. This is the 
percentage reference dose absorption seen in a subject with low iron stores, i.e. serum 
ferritin = 23 mg/l. Normalized absorption values for each subject were calculated as 
follows:  
 

 

  

 

 

 

Paper V 
When aiming at studying the effect on iron absorption and rates of changes in iron 
stores following dietary modifications and/or iron fortification, different published 
mathematical models were used (Hallberg, et al. 2000b, Hallberg, et al. 1998, 
Hallberg, et al. 2000c). Methodological details concerning iron absorption calculations 
can be found in the original article (Hallberg, et al. 2000b), to which there are three 
errata (Hallberg, et al. 2000a, Hallberg, et al. 2001, Hallberg, et al. 2006, Hulthén, et 

al. 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Basis for calculations of rate of changes in iron stores 
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An equation describing amounts of stored iron at stationary, as well as an equation 
describing the rate of change in iron stores over time following changes in absorbed 
amounts of iron, has also been published. Theses equations quantitatively expresses 
the relationship between the amount of stored iron, iron absorption and iron losses 
(Hallberg, et al. 1998, Hallberg, et al. 2000c). The basis for calculations concerning 
the rate of change in iron stores is the observed linear relationship between log iron 
absorption and iron stores. The same applies to negative iron stores (i.e. hemoglobin 
iron deficits due to iron deficiency) (Bezwoda, et al. 1979, Cook, et al. 1974, Taylor, 
et al. 1988) (Figure 8). 
 
The calculations were based on seven theoretical examples of meals with varying 
bioavailability, aimed at reflecting meals in developing countries. From these seven 
meals, five different diets (A to E) were put together (Table 3). The meals and diets are 
theoretical and have been presented merely according to their content of the, presently 
known, most important iron absorption enhancers and inhibitors, phytate, polyphenols, 
ascorbic acid, meat and calcium. The assumption is also made that the meat added to 
these meals is in the form of fish and chicken that does not contribute to any 
significant amounts of heme-iron, only meat factor (Hallberg, et al. 2000b). Further, 
the total daily intake of each diet comes from three separate meals, each containing the 
same amount of iron (1-10 mg/meal). 
 
 

 Dietary  

 component 
Daily diet 

(meal combination) 

  A B C D E 

 Ascorbic acid (mg) 35 60 80 95 110 

 Meat (g) 0 10 20 35 50 

 Phytate-P (mg) 300 160 75 33 17 

 Tannin eq. (mg) 145 75 30 15 5 

 Calcium (mg) 725 610 525 485 460 
 

Table 3. Composition of 5 different examples of theoretical developing country diets. 

1 mg phytate-P = 3.53 mg phytic acid = 5.56 µmol phytic acid. Tannin eq 
 
 

The low bioavailability diets represent the kind of diets seen in some  regions of South 
Africa (Faber, et al. 1999), India (Agrahar-Murugkar, et al. 2004) and Mexico 
(Backstrand, et al. 2002).  These diets contain very small amounts, if any, of meat and 
are based on, for example, rice, sorghum, maize, cereals, roots and beans, thus also 
containing high levels of the iron absorption inhibitors tannin and phytate. The 
calcium content of these five diets ranges between 460 and 725 mg/day, which is 
common in many regions of the world where dairy products are consumed only rarely 
(Agrahar-Murugkar, et al. 2004, Faber, et al. 1999, Nititham, et al. 1999, Woo, et al. 
1998). As an example, a meal consisting of 100 g cooked rice served together with a 
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portion of stew containing of 100 g cabbage, 100 g mung beans, 3 g fish and 15 g 
sesame seeds, eaten three times a day together with a cup of tea would roughly 
represent Diet B in Table 3. A diet having similar bioavailability as Diet E could be 
accomplished by applying the phytate and tannin reducing strategies discussed under 
“Future perspectives” on page 42, together with eating slightly more fish and ascorbic 
acid rich vegetables or fruits. 
 
Iron absorption calculations were made separately for each of the three meals, but the 
results relate to the total daily intake from these three separate meals. Since one of the 
main target groups for iron fortification is menstruating women, all the present 
calculations have been related to an adult menstruating woman weighing 60 kg and 
having empty iron stores but normal hemoglobin concentration.  
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Subjects 
The studies in paper I-IV used human subjects to address the given aims. The results 
obtained in each of these studies were based on: 

� Paper I:  32 healthy male blood donors (two groups of 16 subjects) 
� Paper II:  11 healthy male blood donors 
� Paper III:  48 healthy male blood donors (three groups of 16 subjects) 
� Paper IV:  23 healthy women and 19 healthy men. 

 
The number of subjects to include in paper I -III were based on the sample size studied 
by Ekenved et al (Ekenved 1976b). In paper IV the sample size was based on earlier 
iron absorption studies at our laboratory, and which rationale has been described 
(Rossander-Hulthén 1985).  
 
Since paper V was using mathematical models (based on human absorption studies), 
and not clinical studies, only imaginary subjects were used. The calculations were 
related to adult menstruating women weighing 60 kg and having empty iron stores but 
normal hemoglobin concentrations. 
 
 

 

Statistics  
 

� Descriptive statistics 

� Wilcoxon signed ranks test (paper I) 

� Mann-Whitney U test (paper I) 

� Pearson correlation test (paper II) 

� One-way analysis of variance (ANOVA) with Tukey-Kramer as post-hoc test 

adjusting for multiple comparisons (least squares means) (paper III) 

� ANOVA with Tukey as post-hoc (paper III) 

� Student’s paired t-test (paper III & IV) 

� Student’s unpaired t-test (paper III & IV) 

� ANOVA (paper IV) 
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RESULTS AND DISCUSSION 
 

Evaluating bioavailability of elemental iron 
 

Serum iron assay 

In paper I-III all the S-Fe analyses were performed at our laboratory using an in-house 
assay.  The mean value of the quality control analysis was 20.1 ± 0.6 mmol/L (mean ± 
SD), mean within day coefficient of variation (CV) was 1.11% and the between day 
CV was 3.01%. Thus, the used modified assay for analyzing S-Fe has a high precision 
and accuracy 
 
Diurnal variation in serum iron concentration 
When observing the S-Fe during six hours after administering the negative control (the 
basal meal without any added iron) there was a steady increase from a baseline value 
of 19.4 ± 1.3 mmol/L (mean ± SEM). After six hours the mean S-Fe level was 25.4 ± 
1.3 mmol/L and still climbing. The diurnal variation in the area under the S-Fe curve 
during six hours (S-Fe AUC0–6h) for the negative control differed significantly from 
zero (p<0.001).  
 
Since the first observation back in 1941 (Vahlquist 1941), this diurnal variation in S-
Fe has been observed by numerous investigators (Dale, et al. 2002, Ekenved, et al. 
1976b, Hamilton, et al. 1950, Høyer 1944, Laurell 1952, Schwartz, et al. 1968, 
Sinniah, et al. 1969, Statland, et al. 1973a, Statland, et al. 1976, Waldenström 1946, 
Wiltink, et al. 1973). However, although the presence of a within-day variation in S-Fe 
is well established, there is dissonance about when during the 24-hour period the peak 
appears. Some investigators have observed a peak in the afternoon/evening (Ekenved, 
et al. 1976b, Statland, et al. 1973a, Statland, et al. 1976, Wiltink, et al. 1973) while 
others have observed it during the morning hours (Hamilton, et al. 1950, Høyer 1944, 
Laurell 1952, Sinniah, et al. 1969, Vahlquist 1941, Waldenström 1946). Dale et al 
observed higher morning S-Fe compared to the afternoon levels for half of the subjects 
and vice verse for the other half (Dale, et al. 2002). One factor that appears to 
influence the peak point is the sleeping pattern. Night nurses who slept during the day 
had the highest S-Fe levels in the evening, in contrast to normal males and females 
who worked at day and slept by night and having the highest S-Fe levels in the 
morning (Sinniah, et al. 1969, Waldenström 1946).  
 
The earlier done studies on within-day variation in S-Fe have in many cases monitored 
the basal cyclic pattern during a 24-hour period. In paper I, where we observed a 
steady increase in S-Fe, we only monitored a six-hour period (from approximately 
8.00 hr to 14.00 hr), but on the other hand more frequently compared to earlier studies. 
Naturally, the frequency of measurements during a 24-h period will decide when a 
peak is observed. This could be a reason why there is some divergence regarding the 
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time for maximum S-Fe between some earlier studies and our. In the study by Laurell 
et al, they determined the S-Fe at 09.00 and 17.00 and found that the S-Fe was higher 
in the morning than in the afternoon (Laurell 1952). But since S-Fe only was 
determined at two occasions it means that there was an invisible 6-hr-period in which 
the S-Fe theoretically had time to fluctuate a great deal. In order to correspond to our 
result, the variation in S-Fe between 09.00 and 17.00 should at first rise, where after it 
falls, i.e. like an upside-down U-shaped curve. This behavior for S-Fe was seen in 
some of the subjects in the study by Sinniah et al. Although the S-Fe peak appeared in 
the morning, only looking at the S-Fe levels at 09.00 and 12.00 there was in five of 
seven males an increase (Sinniah, et al. 1969). Thus, in comparison to our results, 
these subjects showed the same S-Fe change.  
 
Although a slight decrease in S-Fe from 9.00 am to 09.00 pm has been observed in 
children 3 to 14 years of age, no variation at all was seen in children under 20 months 
of age (Schwartz, et al. 1968). Regarding possible distinctions in the within-day 
variation of S-Fe between the sexes there are also conflicting observations. Sinniah et 
al saw an decrease between 09.00 and 12.00 in six of the seven females (peak level at 
09.00 hr), whereas in five of seven males there was an increase (peak level at 12.00 hr) 
(Sinniah, et al. 1969). However, In the study by Laurell there was no difference 
between males and females between the two occasions that the S-Fe was determined 
(Laurell 1952).  
 
In summary, our results in paper I, together with some earlier published results, show 
that there is a clear and distinct increase in S-Fe from the morning to the afternoon. 
This means that behind the visible S-Fe increase when administering an iron dose 
there are also other events going on, meaning that the visible S-Fe increase is not 
solely the effect of iron absorption. This basal diurnal S-Fe increase will bring an 
overestimation of the influence from any iron compound on S-Fe. When the 
absorption is low this overestimation will be even more marked. Therefore the 
influence of this diurnal variation in S-Fe was examined and used to calibrate the S-Fe 
curves obtained from the investigated iron powders. 
 

Validating S-Fe AUC0-6 h as a measure of iron absorption 

When in paper II administering 100 mg iron, the squared correlation coefficient (r2) 
for iron absorption and the S-Fe AUC0–6h was 0.94 (p<0.001, n=8). Thus, the S-Fe 
AUC0-6 h was in paper II shown to be a valid measure of iron absorption (Figure 9). 
However, an argument against using a large dose of iron, in this case 100 mg, when 
conducting the OITT is that it is an pharmacological dose of iron which response 
perhaps can not be translated into an actual fortification situation when smaller 
physiological doses are used. However, in paper II the r2 for iron absorption from 3 
mg and the S-Fe AUC0–6 h from 100 mg iron was 0.90 (p<0.001, n=8). And when 
comparing the absorption from 3 mg iron with the absorption from 100 mg iron, r2 was 
0.88 (p<0.001, n=10). These results implies that the induced serum iron increase 
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following 100 mg iron added to a food could predict the iron absorption of a small 
dose of iron added to the same meal. As stated in the introduction section regarding the 
aims of study II, the 3-mg and the 100-mg iron doses were administered at “roughly” 
the same time, i.e. on consecutive days. In order to answer the question at issue no 
other experimental procedure was possible. However, this leaves some things to 
consider when looking at the results. When administering the 3-mg iron dose on two 
consecutive days and calculating the mean absorption from those days it reduced the 
influence of the day-to-day variation in absorption from this iron dose. No such 
reduction in the day-to-day variation in absorption from 100-mg was possible. Even 
though the correlation was very good this brings insecurity into the comparison of the 
study of the 3-mg and the 100-mg iron dose, which could influence the correlation 
negatively. However, when studying the correlation between S-Fe AUC0-6 h and 
absorption from 100-mg iron the day-to-day variation has no significance since it 
concerns iron absorption and S-Fe change studied at one and the same point of time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Figure 9. Correlation between S-Fe AUC0-6 h and Fe absorption observed in 

paper II (r
2
=0.94). Illustrated are the individual S-Fe increases for six hours 

following administration of 100 mg Fe (as FeSO4). The Fe absorption (%) 
from the same Fe dose measured with radioiron and whole body counting are 
also given. 
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Relative bioavailability of elemental iron powders 

In paper III, the S-Fe AUC0–6h induced by each of the seven evaluated iron compounds 
differed significantly from both the diurnal variation S-Fe AUC0–6h (p<0.001), and 
from the FeSO4·H2O S-Fe AUC0–6h. However, no overall relative bioavailability 
(RBV) ranking of the seven iron compounds was possible. The only difference seen 
was for the reduced iron powder, Atomet 95SP, (0.36±0.04, mean ± SEM) which was 
significantly lower than both the H-reduced iron powder, AC-325, (0.56±0.04) and the 
carbonyl iron powder, Ferronyl, (0.58±0.08).  
 

The effect of ascorbic acid on absorption from electrolytic iron 
When administered at a weight ratio of AA:Fe ≈ 1:1.8, ascorbic acid (AA) had a 
marked effect on iron absorption from an electrolytic iron compound. The electrolytic 
iron powder A-131 given with AA were as well absorbed as FeSO4·H2O, and 
significantly higher compared to the RBV of A-131 administered alone (p<0.05). 
Additionally, compared to when administering A-131 alone, the S-Fe curve observed 
when also adding AA had a steeper increase and a somewhat faster decrease after 
passing the maximum S-Fe. The great majority of studies investigating the enhancing 
effect from AA on non-heme iron absorption have used ferrous sulfate as the source of 
iron. Accordingly, the knowledge regarding the effect from AA on the absorption from 
elemental iron compounds are scarce. The observations by Forbes et al indicate that 
the effect from AA on electrolytic iron powder is not as pronounced as when added to  
ferrous sulfate (Forbes, et al. 1989). The recent observations by Swain et al showed a 
even more modest effect from AA when administered together with an electrolytic 
iron compound (Swain, et al. 2006). The weight ratio of ascorbic acid to iron 
considered necessary to achieve optimal positive effect on iron absorption is, when 
using ferrous sulfate, between 6:1 and 13:1 (AA:Fe). The higher ratio is needed in the 
presence of a large amount of iron absorption inhibitors (Hurrell 2002, Lynch, et al. 
2003). Nevertheless, despite being administered at a weight ratio of ~1:1.8 we 
observed in paper III a marked effect on iron absorption from an electrolytic iron 
compound. Furthermore, AA not only enhanced the total iron uptake from a wheat roll 
fortified with 100 mg electrolytic iron powder, but also accelerated the early uptake. 
Consequently, our results in paper III are in some way in contrast to the few earlier 
observations on elemental iron and ascorbic acid. 
 
 

Dietary modification of a low bioavailability meal 
 
The effect of adding finely powdered meat 

The results, which are based on the pooled data in paper IV, are presented in Table 4. 
Adding freeze dried meat powder (corresponding to 20 g lean meat) to a whole-wheat 
and milk based meal resulted in a non-heme iron absorption of 0.122 ± 0.014 mg 
(mean ± SEM), i.e. 85% increase. An additional 0.046 ± 0.004 mg iron was absorbed 
in the form of heme iron. Together this corresponds to 155 % increase in total iron 
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absorption. Thus, in relation to earlier observations (Baech, et al. 2003a, Baech, et al. 
2003b), there was an unexpected high enhancing effect on the non-heme iron 
absorption from this rather small amount of meat. This could be due to a more 
pronounced local effect on the epithelial mucosa cells in the duodenum and upper 
jejunum by administering finely powdered meat compared to when meat in relatively 
larger pieces is exposed to the mucosa cells.  
 

The effect of adding meat and ascorbic acid 
When also adding 20 mg ascorbic acid (AA) together with 20 g meat, there was an 
increase in non-heme iron absorption from 0.122 ± 0.014 mg to 0.170 ± 0.029 mg 
(mean ± SEM). Compared to the basal meal, there was an increase in non-heme iron 
absorption and total iron absorption of 158% and 227 %, respectively (Table 4). 
 

The effect of adding ascorbic acid 

The iron absorption from adding ascorbic acid (AA) alone was not measured. 
However, it can be assessed indirectly by calculating the difference in iron absorption 
when adding meat alone with the iron absorption when adding meat and AA together. 
When also adding 20 mg AA to the meal containing 20 g meat, there was an increase 
in non-heme iron absorption of 0.048 mg (39%). By this it can be estimated that the 
effect of adding AA alone to the basal meal would have resulted in iron absorption of 
0.114 mg non-heme iron (0.066 mg + 0.048 mg). This would mean that the expected 
increase in total iron absorption from adding AA to the basal meal would be 73%. 
However, since this effect was calculated from the effect seen when serving both meat 
and AA, it is possible that the reported effect for AA alone can be overestimated due 
to synergism. On the other hand, a similar study using 50 mg of AA has reported more 
than tripled iron absorption from a wheat based meal (Cook, et al. 1997). 

 
Absorption (mg Fe) Meal  Number of 

Subjects 
Non-heme Heme Total 

Basal meal 
8M (7 BD), 

8F 
0.066 ± 0.019  0.066 ± 0.019 

+ AA 
9M (6 BD), 

8F (1 BD) 
0.114 1  0.114 

1
 

+ Meat 
8M (6 BD), 

7F (6 BD) 
0.122 ± 0.014 0.046 ± 0.004 0.168 2 

+ AA + Meat 
9M (6 BD), 

8F (1 BD) 
0.170 ± 0.029 0.046 ± 0.004 0.216 

2 

 

Table 4. Iron absorption following dietary modification using meat and ascorbic 

acid. Abbreviations:
 
M, male; F, females; BD, blood donors; AA, ascorbic acid. 

Values represent mean ± SEM.  
1 

The effect from AA is assessed indirectly, i.e. SEM can not be given.  
2 

SEM can not be given since the value is obtained by combining results from two 

different experiments. 
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Also the weight ratio of AA to non-heme iron speak against an overestimation. In the 
AA & meat added meal the ratio was 9:1. However, adding only 20 mg AA to the 
basal meal results in a weight ratio of 10:1, thus better conditions for a positive effect 
on iron absorption. 
The summarized results from these dietary modifications imply that, although the 
effect from AA on non-heme iron absorption was almost as good as the effect from the 
meat if looking at the TOTAL iron absorption, the effect from meat was much more 
pronounced. 
 
 

Dietary modification vs. iron fortification 
 

The effect on Fe absorption 

Results in paper V were obtained by using mathematical models to estimate the iron 
absorption and rates of changes in iron stores from theoretical meals and diets with 
varying bioavailability. The iron absorption from the five different diets (A-E) varied 
from 1.6 to 12.7%. This means that when applying the two dimensions, bioavailability 
and iron content (3-18 mg), the expected absorbed quantities of iron vary from 0.05 to 
2.29 mg/day. To meet the average iron requirement (concerning absorbed amount) for 
women of fertile age weighing 60 kg, the high iron bioavailability Diet E has to have a 
daily iron content of 11 mg, as compared with 18 and 30 mg for Diets C and B, 
respectively. Diet A, however, can not meet the requirement even with a daily iron 
intake of 60 mg (Figure 10). 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 10. Efficacy of diets with different bioavailability and iron contents 

in satisfying iron requirements. Iron absorption is predicted using an 

mathematical model (Hallberg, et al. 2000b). Dietary iron bioavailability 

increases when going from diet A to diet E. 
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Hence the conclusion to draw from the results in paper V is that dietary modifications 
of meals with low iron bioavailability can markedly improve iron absorption. Further, 
when also considering the result in paper IV, it can be concluded that this is especially 
seen when adding red meat which also contributes with highly absorbable heme iron. 
 
The effect on Fe stores 

If looking at changes in iron stores over time a prolonged intake of the low 
bioavailability Diet A containing 15 mg iron (Diet A15 mg) would result in a 
pronounced iron deficiency. By fortifying this Diet A15 mg with 30 mg iron per day the 
amount of stored iron, when reaching the steady-state, would increase by 275 mg. If 
instead improving bioavailability slightly (switching from Diet A to Diet C, see Table 
3), without changing the iron intake, the amount of stored iron should increase by 380 
mg. However, neither of these two measures is capable of achieving a positive iron 
store. When instead combining the action of both modifying and fortifying with 6 
mg/day, by switching from Diet A15 mg to Diet C21 mg, the amount of stored iron 
increase by 464 mg. This combined action is sufficient to achieve a positive iron store 
of 37 mg, and consequently, an optimal Hb concentration (Figure 11). Consequently, 
considering a diet of low iron bioavailability, it is difficult to achieve good effects on 
iron status by using iron fortification as the only measure.  
 
 
 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 
 
 

 

Figure 11. Changes in iron stores over time from either fortifying, improving 

bioavailability, or both fortifying and improving the bioavailability of a diet having 

low iron bioavailability (Diet A15 mg). Negative iron stores result in a hemoglobin 

deficit. Results are predicted using mathematical models (Hallberg, et al. 2000b, 

Hallberg, et al. 1998, Hallberg, et al. 2000c). 
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This conclusion could be a likely explanation for the results obtained in a population 
of South African schoolchildren. When administering brown bread fortified with iron 
no change in iron status could be observed (van Stuijvenberg, et al. 2008). An 
explanation for this could be that the both the vehicle, as well as the diet as whole, had 
an iron bioavailability to low to benefit from the iron fortification.  
 
By fortifying and/or modifying Diet E in a similar way as with Diet A, it would have 
almost the same effects on the relative rates of change in iron status, with optimal 
effect being achieved after approximately 1 year. However, the final improvements in 
iron stores would not be as significant after dietary modifications than after iron 
fortification. Just as has been observed in young adult New Zealand women with mild iron 

deficiency on a diet having high iron bioavailability (Heath, et al. 2001). 
 

Rates of changes in iron stores depending on choice of Feelem 
By applying the method used in paper V on the result obtained in paper III the 
importance of Feelem RBV is elucidated.  
 
Fortification programs are naturally launched in populations having difficulties 
maintaining a positive iron balance. An example of a diet in such a population could 
contain a total daily intake of 15 mg native iron, 90 mg ascorbic acid, 75 g 
fish/poultry, 90 mg phytate-P, 24 mg tannin eqv., and 450 mg calcium, divided into 
three similar meals. This kind of diet has an iron bioavailability not sufficient to 
maintain positive iron stores at steady-state in females of reproducing age weighing 60 
kg (negative iron stores of 16 mg, i.e. a hemoglobin deficit). By fortifying this 
fictitious diet with 6 mg iron as carbonyl iron having a RBV=0.58 (paper III), instead 
of a reduced iron with a RBV=0.36 (paper III), the time to achieve a positive iron 
stores would be reduced to almost half, 64 days instead of 117 days. Also the final iron 
store after reaching steady state would be more than doubled, depending on the choice 
of fortificant (Figure 12). 
 
Consequently, depending on the choice of Feelem in fortification programs the efficacy 
in increasing iron stores can differ distinctly, both in the short- and the long term. 
Further, the same mentioned choice of iron fortificant would almost halve the amount 
of iron passing the intestinal lumen in vain, which potential negative effects not can be 
ignored (Lund, et al. 2001, Lund, et al. 1999, Younes, et al. 1990). 
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Figure 12. Changes in iron stores over time depending on choice of iron fortificants 

when fortifying a fictitious diet with low bioavailability. By applying the method used 

in paper V on the result obtained in paper III it is shown that efficacy in increasing iron 

stores can differ distinctly depending on the RBV of the fortificant. Results are predicted 

using mathematical models (Hallberg, et al. 2000b, Hallberg, et al. 1998, Hallberg, et 

al. 2000c). 
 

 

 
Methodological considerations 
 

Extrinsic labeling technique (paper II & IV) 
Since this methodology has been so extensively used in the study of iron absorption it 
has been subject for discussion in numerous papers and theses, i.e. (Rossander-Hulthén 
1985). 
Deviations in iron absorption from two identical meals can originate from the potential 
sources of error one needs to consider in these kinds of studies. Random sources of 
error are present in everything from preparation of isotopic solutions and meals, to the 
very handling of the blood samples. Also individual day-to-day variations in iron 
absorption contributes to deviations (Bjorn-Rasmussen, et al. 1976, Brise 1962). This 
can be reduced by assessing the mean value following administering of the study meal 
on two consecutive days. An example of a random error is the use of an iron 
compound with low solubility, which accordingly does not undergo isotopic exchange 
with the native iron in the food stuff. This random error will result in overestimation of 
the iron absorption. To get round this, the native iron in the meals studied in paper IV 
was replaced with FeSO4, which have a high solubility and bioavailability. The 
inclusions of subjects can also be a source of error, especially in studies using control 
subjects. By using two isotopes every subject acts as her/his own control, thus 
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minimizing this source of error. This also goes for when comparisons where done in 
the same group. Very low, and thus unreliable, iron absorption values can be observed 
in iron replete individuals. Consequently, to achieve a variation in iron absorption it is 
important to include different subjects representing a broad range in iron status. In 
paper IV, blood donors, as well as females and males were selected as to represent 
such a broad range in iron status. However, there is also a potential risk in using blood 
donors who have recently donated blood. The risk lies in a possible higher iron 
absorption capacity at the time point of serving the study meals, compared to the time 
point for serving the reference dose, which is two weeks later. At the time for the 
reference dose the blood donors can have advanced towards a steady-state, which may 
not have been the case when eating the study meals. An additional weak point could be 
to include women of fertile age since they have a monthly cycle in which a periodical 
iron loss occurs. Although the median blood loss during menstruation is relatively low, 
approximately 20-30 mg (Bothwell 1996), it can differ greatly between individuals 
(Hallberg, et al. 1966, Hallberg, et al. 1964). Thus, this can possess a risk when 
including only a small number of women in an iron absorption study. Accordingly, the 
optimal approach would be to administer the reference dose and the study meals at the 
same time point in the menstruation cycle. However, the source of error in risk of 
having the largest impact is the compliance of the subjects, which includes heeding to 
the instructions regarding fasting when served the study meals and the reference dose.  
 

Iron absorption algorithm (paper V) 

Methodological considerations of the presently used algorithm by Hallberg & Hulthén 
(Hallberg, et al. 2000b) has been discussed in paper V, resulting in the conclusion that 
the algorithm is valid enough to assess mean iron absorption from single meals. 
However, a conference abstract mentioned in this recent discussion has since then 
been restructured and published. In this published paper by Beard et al (Beard, et al. 
2007) six different prediction algorithms for iron bioavailability, including the 
Hallberg & Hulthén algorithm, were compared with the assessed iron absorption 
(based on increase in ferritin and iron intake from 3-day food records) in a intervention 
study in the Philippines (Beard, et al. 2007). The conclusion by the authors was that all 
used algorithms underestimated iron absorption. However, the efficacy results by 
Beard et al are compromised by a major selection bias. By including only the subjects 
who gained in ferritin (4 out of 10 subjects were excluded), the inclusion procedure 
favored subjects who either had a iron requirement below median requirement, or had 
an “absorption capacity” higher than the average. Then by comparing only the result of 
the subjects who gained in ferritin with the results of the iron absorption algorithms, 
which apply to an individual with an “average” requirement and an “average” iron 
absorption capacity, a major over-estimation of the efficacy was done.  
 
This algorithm is valid from meals with the lowest iron bioavailability, to meals with 
high iron bioavailability. However, there are limits to how far into the high 
bioavailability region the algorithm is valid. In meals constituting practically no iron 
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absorption inhibitors and very high amounts of enhancers the algorithm tends to give 
unrealistically high absorption values. The reason is that the algorithm has been 
validated in the ~0-45% non-hem iron absorption region (i.e. bringing unreliability 
beyond this absorption), and for certain amounts of dietary factors. The equations 
constituting the algorithm are based on meals containing 0-85 mg ascorbic acid, 0-175 
g meat, fish, sea food or poultry, 0-600 mg calcium, 0-271 phytate phosphorus, 0-100 
mg tannic acid equivalents, 0-3 eggs or 0-20 g soy protein. Thus, these levels of 
dietary factors show in what range the algorithm is valid. 
 

Oral iron tolerance test (S-Fe AUC0-6 h) (paper I-III) 

There are several complicating circumstances when using the S-Fe to assess iron 
absorption. At the same time as the iron is taken up from the intestinal lumen and 
transported into the circulation there is a simultaneous outflow of iron to the reticulo 
endothelial system (RES) and other stores (Figure 3). Further, in the event of an acute 
phase reaction, which can be present at varying degrees, iron can be detained in the 
mucosa cells and thus not be further transported into the body and the circulation. And 
in an anemic condition due to iron deficiency the iron outflow to the bone marrow can 
be up-regulated in such a degree that large iron absorption does not reflect on the 
increase in S-Fe. Consequently, it is crucial to reduce the influence from these factors, 
and also to standardize the procedures as to minimize the influence from confounding 
factors. 
Although S-Fe AUC0-6 h is a valid measure of iron absorption (paper II) when 
administering 100 mg iron, the large intra-individual variations made it impossible to 
establish statistical significant differences in RBV between the different investigated 
iron powders (paper III). The day-to-day variation in iron absorption (Bjorn-
Rasmussen, et al. 1976, Brise 1962), is one of the plausible causes for these intra-
individual differences in S-Fe AUC0-6 h ratios for a S-Feelem and the control iron. A 
possible approach to reduce this day-to-day variation in iron absorption would be to 
administer a 100 mg iron dose on two consecutive days to get a mean value like when 
using the extrinsic tag method. However, since the absorption across the mucosa 
seems to be blocked after an oral iron dose of >30 mg (O'Neil-Cutting, et al. 1987), 
this approach is not possible. 
 
In order to examine possible reasons for the observed inter-individual variations in 
RBV we have examined a number of factors including lean body mass, initial serum 
iron concentration (S-Fe0), initial total iron binding capacity (TIBC0), weight, height, 
body mass index, number of blood donations before entering the study, age, 
hemoglobin concentration (Hb) and serum ferritin concentration. Only serum ferritin 
concentration and TIBC had a negative correlation with AUC0-6h after oral 
administration of 100 mg iron as FeSO4 · H2O (r2=0.42, p<0.001 and r2=0.25, 
p<0.001). This indicates that the observed intra-individual difference in mean S-Fe 
AUC0-6h for FeSO4 in paper III, to some extent (i.e. 42%), is an expression of 
differences in iron status. Another factor contributing to this inter-individual difference 
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could be a difference in clearance efficiency of iron from the serum. This would most 
likely have a more pronounced impact on a fast increasing S-Fe compared to a more 
modest S-Fe increase. As a result, an S-Fe AUC0-6 h ratio obtained in a subject with a 
highly efficient S-Fe clearance should differ from the S-Fe AUC0-6 h ratio obtained in a 
subject with a more modest S-Fe clearance capacity. According to this proposed 
explanation, the inter-individual difference in the S-Fe AUC0-6 h ratio should be wider 
for the electrolytic iron powders compared to the reduced ones. This was not the case, 
but on the other hand, a high or low S-Fe clearance phenotype could by chance be 
concentrated to only one of the groups. 
 

Improving the S-Fe AUC0-6 h methodology 
Besides dietary factors and amount of iron present, there are several other factors 
influencing the iron absorption capacity, where iron status (Bezwoda, et al. 1979, 
Cook, et al. 1974, Taylor, et al. 1988) and infection/inflammation (Lynch 2007) are 
the most important. And since these factors can be more or less present in one and the 
same individual at different time points (e.g. 8 weeks apart), it gets difficult to 
compare repeated absorption measurement. When using the radioiron extrinsic 
labeling technique this is dealt with by normalizing to a standardized iron reference 
dose absorption of 40% (Magnusson, et al. 1981). 
 
Consequently, the suggested procedure to enhance the precision of the S-Fe AUC0-6h 

method would be to introduce the usage of a reference dose. In order to support this 
hypothesized improvement in S-Fe AUC0-6h methodology, the data in paper IV of this 
thesis was reanalyzed. By doing this, it is possible get a preview of how a reference 
dose normalization would improve the methodology. As seen in paper II, the median 
(95% CI) value for S-Fe AUC0-6h following administration of FeSO4 (when not 
normalized) was 263 (149-325) area units. After normalizing the S-Fe AUC0-6h to 60% 
absorption from the radioiron labeled 3-mg iron dose administered the preceding days, 
the median (95% CI) value for S-Fe AUC0-6h was 261 (227-299) area units (the 60 % 
absorption was arbitrary chosen as to get a median value of the same size/magnitude as 
the non-normalized value). As illustrated in figure 13, after normalizing for radioiron 
absorption, the data gets more symmetrically distributed, at the same time as the range 
in variation narrows down considerably. 
 
An alterative normalization approach, and quite simpler compared to introducing the 
usage of a reference dose, could be to normalize to one and the same ferritin 
concentration. After normalizing the S-Fe AUC0-6h obtained in paper II to ferritin =23 
µmol/l, the median (95% CI) value for the normalized S-Fe AUC0-6h was 389 (134-
699) area units. Thus, this normalizing to ferritin actually increased the range of 
variation, i.e. giving an even poorer precision. A presumptive explanation could be a 
previous infection/inflammation. Although iron status and iron absorption correlates 
well in healthy individuals (Baynes, et al. 1987, Magnusson, et al. 1981, Taylor, et al. 
1988), the impact of infection/inflammation can aggravate this relationship. The 
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reason is that ferritin can be falsely increased for weeks after an infection (Hulthen, et 

al. 1998), whereas the iron absorption capacity might supposedly not to be decreased 
for as long. However, to our knowledge, the effect of infection on time-course changes 
in iron absorption has not been studied directly. 
Although there are several biomarkers available for establishing infection and 
inflammation (e.g. C-reactive protein, alpha-1-acid glycoprotein and interleukin-6) no 
one seems to correlate with ferritin over a longer time period. Consequently, although 
procedures were taken in paper II to minimize bias by infection or inflammation, no 
complete approached is available, making it difficult to completely avoid this source 
of error. 
 
 
 
 
 
 
 
 
 
 
 

 
             

  Figure 13. Comparison of S-Fe AUC0-6 h and S-Fe AUC0-6 h normalized 

to the absorption from a 3 mg oral iron dose. 
 
 
In paper III male blood donors were used as a model. The purpose of using only males 
was to avoid the confounding effect from menstruation loss, which can differ greatly 
between individuals (Hallberg, et al. 1966, Hallberg, et al. 1964). By including only 
blood donors who had donated blood eight weeks prior to each oral iron loading, the 
intention was to control the blood losses, as well as maintaining a high absorption 
capacity. An alternative approach of using male blood donors would be to use female 
subjects, and by that perform the repeated oral iron loadings preferably at the same 
time in the menstruation cycle (roughly 30 days) for each individual. These female 
subjects should have low iron status, although not anemia, since this would affect the 
normal S-Fe turn-over. 
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Future perspectives 
 

Suggested improved S-Fe AUC0-6 h study design 

Thus, when aiming at assessing RBV of e.g. an elemental iron powder, the suggested 
improved study design would be a cross-over design composed of three sub-studies. 
The subjects, females of reproductive age having low iron stores, but not anemia, 
would at three different time points be served a test meal fortified with either no iron, 
FeSO4 or elemental iron. Each of the sub-studies should be performed at the same 
time in the menstruation cycle for each subject. Each sub-study would comprise of 
three consecutive mornings where on days 1 and 2 the subjects would be served a 
reference dose of 3 mg iron labeled with 59Fe. In order to reduce the influence from the 
day-to-day variation in absorption the mean absorption from these 2 d should be 
calculated. The subjects will then be instructed not to eat or drink anything for the next 
three hours. 
On day 3, the oral iron loading would take place as previously described in paper I. 
Two weeks later a whole body counting will be made to determine the basal iron 
absorption from the reference doses in each individual. By expressing the S-Fe AUC0-

6h corresponding to a 40% reference dose absorption, variations owing to differences 
in iron absorption capacity at each studied time point would be reduced. 
One menstruation cycle later the next sub-study would be carried out in the same way. 
As a measure to avoid systematic errors introduced by infection/inflammation, blood 
samples would be analyzed for C-reactive protein (CRP), alpha-1-acid glycoprotein 
(AGP) and erythrocyte sedimentation rate (ESR). The subjects will also be asked 
about any indications of infection during the preceding weeks. If that’s the case, the 
oral iron loading would be postponed one menstruation cycle.  
 
 

Ways of improving iron bioavailability of the diet 
As demonstrated in paper V, the effect of improving a diet with poor iron bio-
availability has a more marked effect on the absorbed amount of iron compared to 
fortifying this diet. The two main measures available when aiming at improving the 
dietary iron bioavailability is either by reducing the factors inhibiting iron absorption 
or/and increasing the amounts of factors with enhancing effect. In most cases is it 
possible by promoting local food production (including livestock) (Ayele, et al. 2003) 
and usage of local available ingredients to do the dietary modifications needed to 
improve the iron bioavailability. However, as previously pointed out (Faber, et al. 
1999), in order to carry out effective intervention programs, agriculturists, health 
professionals and social scientists should work together in a multi-disciplinary way. 
Concrete strategies for enhancing the absorption of fortification iron has been 
presented by the SUSTAIN Task Force (Hurrell, et al. 2004). Recently the WHO has 
also presented a report on guidelines on food fortification (WHO 2006). 
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In the search for economical, non-conventional ways of combating iron deficiency in 
developing countries there are promising results from adding marine algae to the diet 
(Garcia-Casal, et al. 2007). Phytate degradation aimed at improving iron absorption is 
possible by using the hydrolytic enzyme phytase (Greiner, et al. 2003, Hurrell, et al. 
2003). Furthermore, when it comes to phytate and tannins it has been shown that by 
combining enzymatic oxidation with traditional food preparation techniques, such as 
cooking, soaking, germination and lactic acid fermentation it is possible to enhance the 
iron bioavailability in the diet (Hurrell 2004, Larsson, et al. 1996, Manary, et al. 2002, 
Matuschek, et al. 2001). Also the incubation with crude extracts of fruits containing 
polyphenol oxidase (PPO) has been shown to result in significantly lower amounts of 
phenolic compounds (Matuschek 2005). In rural Malawi a community-based method 
to remove dietary phytate has been used which resulted in an improved iron status 
(Manary, et al. 2002). Another way of reducing phytate content is by genetical 
modification of crops, which has been shown effective in reducing the phytate content 
and enhancing the iron absorption (Mendoza, et al. 1998). However, it is important to 
bear in mind that even if the phytate content of a meal was to be considerably reduced 
the inhibitory effect on iron absorption would still be present due to its significant 
effect even at very small amounts (Hallberg, et al. 1989a, Siegenberg, et al. 1991). 
Thus, complete degradation is recommended. If this is not possible, the phytic acid to 
iron molar ratio should be decreased to below 1:1 or 0.4:1 (Hurrell 2004). 
 
Addition of animal tissue is an effective way of improving iron bioavailability 
(Gibson, et al. 2003). Since 50% of the total iron content in red meat can constitute of 
heme iron, which is highly absorbable, incorporation of red meat can make a marked 
contribution to total amount of iron absorbed (paper IV). However, when 
incorporating chicken or fish into a meal or diet, as assumed in the meals in paper V, 
the contribution of heme iron will be negligible. Even though effective, the presented 
approach of improving iron bioavailability with meat can, due to economical reasons, 
unfortunately be rather hard to accomplice in developing countries. 
 
Future new innovative strategies for iron fortification may be able to overcome the 
problems constituted by poor dietary bioavailability. Examples of such novel 
approaches is the use of microencapsulated iron (Tondeur, et al. 2004, Zlotkin, et al. 
2001), or administration of iron stored in the ferritin of recombinant yeast (Chang, et 

al. 2005), which protects the iron fortificant from the factors in the diet that inhibits 
iron absorption. However, until these approaches are fully evaluated and practically 
functioning, it is of outermost importance to improve the diet bioavailability before 
initiating an iron fortification intervention. 
 
Another interesting strategy, which in some studies has shown good potential in 
enhancing iron fortificant absorption, is the usage of EDTA [ethylenediaminetetra-
acetic acid]. The positive characteristic of EDTA, i.e. the ability to prevent the iron 
from binding to factors inhibiting iron absorption, has earlier given rise to a 
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recommendation of NaFeEDTA [sodium iron (Fe3+) ethylenediaminetetraacetic acid] 
as the most suitable iron fortificant for use in developing countries by the International 
Nutritional Anemia Consultative Group (INACG) (INACG 1993). The two most 
important determinants for the positive effect seen by EDTA is; I): the molar ratio of 
EDTA to iron, II): and that the food must contain iron inhibitors which EDTA can 
compete with when to chelate bind with iron. It seems like the optimal ratio of EDTA 
to iron is somewhere between 1:2 and 1:1. Hurrell et al observed that a ratio were iron 
were in excess (i.e. 1:3) rendered a low effect, whereas a more equal ratio of 1:1 
improved iron absorption (Hurrell, et al. 2000). INACG reported that a ratio of EDTA 
to iron of 1:4 to 1:1 increases iron absorption, with a maximum absorption at 1:2. 
Further increased ratio does not significantly increase or decrease iron absorption 
(INACG 1993). Despite the promising effect on iron absorption, EDTA has, just like 
meat, an important disadvantage which in a developing country context is a major 
limiting factor, the price tag. 
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GENERAL CONCLUSIONS 
 

From the data obtained in the studies presented in this thesis the following conclusions 
could be drawn: 

 
� For males with low iron stores there is a steady increasing diurnal variation in 

S-Fe from the morning to the afternoon. 
 

� The S-Fe AUC0-6h following oral administration of 100 mg iron is a valid 
measure of iron absorption. However, in order to compare S-Fe AUC0-6h 

obtained at different time points, or in different individuals, normalization to 
one and the same iron absorption capacity is necessary. 

 

� An effective procedure to enhance the precision of the S-Fe AUC0-6h would be 
to normalize the S-Fe AUC0-6h to the absorption from a reference dose of 
radioiron labeled iron. 

 

� The S-Fe AUC0-6h following 100 mg iron added to a meal can predict the iron 
absorption of a small dose of iron added to the same meal. 

 

� The seven evaluated iron fortificants, representing the market in 2001, were all 
significantly less well absorbed compared to FeSO4·H2O.  

 

� Co-fortifying electrolytic iron with ascorbic acid seems to give an enhanced, as 
well as an accelerated early iron uptake. 

 

� Since finely pulverized freeze-dried meat seems to have a more pronounced 
effect on iron absorption, compared to meat in ordinary meals where it is 
present in larger pieces, it could be a clue in finding the answer behind the 
“meat factor”. 

 

� Dietary modifications of meals with low iron bioavailability can markedly 
improve iron absorption. Especially when adding meat which also contributes 
with highly absorbable heme-Fe.  

 

� Depending on choice of iron fortificant in fortification interventions the 
effectiveness can differ. 

 

� Dietary modifications of meals with low iron bioavailability can markedly 
improve iron absorption. This is especially seen when adding meat which also 
contributes with highly absorbable heme iron. 

 

� If the original diet has a low iron bioavailability, it is difficult to achieve good 
effects on iron status by using iron fortification as the only measure. 
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Overall main conclusion 
 
The best course of action for interventions designed to improve iron status 

must firstly be to ensure an adequate dietary iron bioavailability 
and secondly to use a type of iron fortificant 

with high bioavailability 
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