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Abstract

Thisisthe fifth in the seriesof reviewsdevelopedaspart of the Biomarkersf Nutrition for Developmen{BONDpro-
gram.TheBONDIron ExpertPanel(l-EP)eviewedthe extantknowledgeregardingiron biology,publichealthimplica
tions,andtherelativeusefulnes®f currentlyavailablebiomarkersofiron statusfrom deficiencyto overload Approaches
to assessinmtake,includingbioavailability arealsocovered Thereportalsocoverstechnicalandlaboratoryconsidera
tionsfor the useof availablebiomarkersof iron status,andconcludeswith adescriptionof researctprioritiesalongwith
abrief discussiorof newbiomarkerswith potential for useacrosshe spectrumof activitiesrelatedto the studyof iron
in humanhealth.Thel-EPconcludedhat currentiron biomarkersarereliablefor accuratelyassessinghanyaspectsof
iron nutrition. Howeveracleardistinctionismadebetweenthe relativestrengthsof biomarkergo assesfiematological
consequencesfirondeficiencywersustherputativefunctionaloutcomesparticularlythe relationshipbetweenmater-
nalandfetaliron statusduringpregnancybirth outcomesandinfantcognitive motor andemotionaldevelopmentThe
I-EPalsohighlightedthe importanceof consideringhe confoundingeffectsof inflammationandinfectionon the inter-
pretationofiron biomarkermresults aswell asthe impactof life stage Finally alternativeapproacheso the evaluationof
theriskfor nutritionaliron overloadatthe populationlevelarepresented pecausehe currentlydesignatedipperlimits
for the biomarkergenerallyemployed(serumferritin) maynot differentiate betweentrue iron overloadandthe effects
of subclinical inflammation
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Introduction interest in the_role of nutrition in he_alth. Sp_ecificglly, the BOND

program provides state-of-the-art information with regard to
TheBiomarkers of Nutrition for Development (BOND) project the selection, use, and interpretation of biomarkers of nutrient
is designed to provide evidencebased advice to anyone witan  exposure, status, function, and effectl. To accomplish this
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objective, Iron Expert Panel (JEP) members were recruited to
evaluate the literature and draft comprehensive reports on the
current state of the science with regard to specific nutrient bi
ology and available biomarkers for assessing nutrient status at
clinical and population levels.

Phase | of the BOND project included the evaluation of
biomarkers for six nutrients: iodine, iron, zinc, folate, vita
min A, and vitamin B12. The reviews foiiodine, zinc, vita
min A, and folate have been published previously2¢5). Read
ers interested in obtaining information on iodine or folate
biomarkers that might be of use to their specifi needs are
encouraged to utilize the interactive BOND QuerBased Sys
tem located on the BOND websitehttp://www.nichd.nih.gov/
global_nutrition/programs/bond/P ages/index.aspx

This review represents the fifth in the series of reviews and
coversall aspectsofiron biology relevant to the discovery,selec
tion, use, and interpretation of biomarkers. The paper is orga
nized to provide the reader with a full appreciation of the back
ground history of iron as a public health issue, itbiology, and
anoverview of availablebiomarkers. Specificconsiderationsfor
the useandinterpretation of biomarkers of iron nutrition across
a range of clinical andpopulation-based applications are de
scribed. The paper also highlights priority research needs for
moving this important global health agendaforward.

The biological importance of iron
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and anessential component of almost all biological systems.
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Humans require iron for energy production, oxygertransport
and utilization, cellular proliferation, and pathogendestruction.
Some of the seminal events in the evolution of our understand
ing of iron in human health are outlined in Text Box 1 (6z21).

Text Box 1

Historical landmarks in iron biology

AHippocrates (c 460 B@c 370 BC) is credited as the
first physician to use iron as a topical therapeuticstyptic.

A 1574: Nicolas Bautista Monardes (14931588)
published on the use of iron to treat a variety of systemic
illnesses  (http://www.library.nd.edu/rarebooks/exhibits/
durand/indies/monardes.html) (6, 7).

A1681: Sydenham is credited with first recognizing the
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among young women in in the 18th and 19th centuries
(6,7).

A 1713: Nicolas Lemery and Etienne Geoffroy first
demonstrated the presence of iron irblood.

A1831: Pierre Blaud, reported successful treatment of
the chlorosis with a combination of ferrous sulfate and
pi OAOOEDI AAOMENBOGA | 0" 1 AOGAG O
~_AAmand Trousseau (180%67) documented the use of |
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tential risk of giving therapeutic doses of iron to patients

suffering from tuberculosis (9, 10).

A1919: George Washington Carey recognized the im
Dl OGATAA T &£ EOIT A& O 1T @UCAN
heatthat causesdistressin afever patient, but it is the lack
of oxygen in the blood due to a deficiency in iron, thear-
OEAO 1 A11).@UCAT o

dz,_lﬁ:g%@)f@mtg@and Thivolle discovered that there are
small quantities of iron in the plasmaandthe concentration
is decreased in experimatally induced anemia.

A1932: Heath, Strauss and Castle provided incontro
vertible evidence that parenterally administered iron im
proved hemoglobin levels in patients with hypochromic
anemia. They also recognized the importance of iron for
the normal function of other tissues although most otheir
attention was focused on what could be observed clin
ically, i.e., abnormalities of the nails, skin and mucosa€
(12).

A1925: The plasma iron transport protein transferrin
was idertified during the subsequent two decadeg13).

A1937: Laufberger crystalized the iron storage protein
AAOOEOET EOT (147 ET OOASO ODP)l AAT

A1937: McCance and Widdowsonl) concludedthat:

1) iron is stored in the body and there are significant sex

differences;2) healthy adults maintain iron balancedespite
differencesin dietary intake; 3) unlike someother minerals
very little iron is excretedin the urine; 4) the amountofiron
in the fecesvaries but is approximately equalto the amount
consumed in food, implying that only a small proportion
of dietary iron is absorbed;however,5) becausetheir meth-
ods were insufficiently sensitive todemonstrate that iron
absorption is highly regulated, they concluded that there
was no mucosalcontrol.

A1943: Hahn and Whipple demonstrated that1) iron
absorption is highly regulated and affected by anemia, hy
poxia,and recentantecedentintake (16); and 2) to account
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for the regulation of iron balance they proposed that
Oi OAT OAI AT T AES T AADOC x E
posed to large quantities of iron limiting further absorp
tion. Subsequentexperiments revealed that the mucos:
block is not absolute and that body iron status has an i
portant regulatory role in modulating iron absorption (17).

A1963: Conrad and Crosby¥8) demonstrated that: 1)
radioactive iron administered to rats enters mucosal cells
and 2) when iron requirements are high, the iron is ex
ported to the portal circulation; when low, the iron remains
in the mucosalcells,asthesecellsare sloughedfrom the villi
after . 48 h taking the iron with them and thereby limiting
absorption.

A 19977z2000: A mucosal iron transporter, respor
sible for nonheme iron absorption, divalent meta
transporter 1 (DMT-1, also known as divalent catior
transporter), natural resistance-associated macrophag
protein (NRAMP2) (19), and the cellular iron exporter,
ferroportin ( 20) were identified.

A2001: Park etal. 21q AT ET AA OEA 1
describe a peptide that we now understando be a major
regulator of iron absorption and homeostasis.

The unique biological properties of iron stem from the
marked variability of the F&?*/Fe®* redox potential which al-
lows iron sites to have redox potentials fromz0.5 V t6. 0.6
V,encompassing virtually the entire biologically relevant range.
Protein ligands adapt these redox potentials to meditiologi-
calrequirements (22). The Micronutrient GenomicsProject(23)
provides acomprehensivelist of iron-requiring proteins, includ-
ing enzymes, controlling factors, transporters, and storage pro
teins, with the relevant genetic information. TheGWASweb-
site (24) cataloguessingle nucleotide polymorphisms associated
with iron overloadandiron deficiency(22,25). Aclassification
system for iron-containing proteins based on biochemical func
tion in humanswasproposedby Crichton (22) andis outlined
in TextBox2.

Text Box 2

Classification scheme for functional iron
teins in human biology

Hemoproteins

The iron atoms in hemoproteins are bound to the four
pyrrole rings of protoporphyrin IX (heme) and to one or
two axial ligands in the protein. There are three types of
hemoproteins:

AOxygencarriers:

-Hemoglobin is the oxygen transporter in red blood
cells. Hemoglobin binds oxygen in the lung and transports
it throughout the body where it is usedin aerobic metabolic
pathways.

-Myoglobin is found in muscle tissue where it tem
porarily stores oxygen making it readily available during
episodes of oxygen deprivation.

AActivators of molecular oxygen:

-Cytochrome oxidase

-Peroxidases

-Catalases

-Cytochrome P40s

-containing pro -

AElectron transport proteins:

-Cytochromes transfer electrons from substrate oxida
tion to cytochrome c oxidase.

Iron -sulfur proteins

Alron-sulfur proteins mediate oneelectron redox pro-
cesses as integral components of the respiratory chain in
mitochondria.

AThey are also involved in many other metabolic pro
cesses including the control of gene expression, DNA danm
age recognition andrepair, oxygen and nitrogen sensig,
and the control of cellular iron acquisition and storage.

Other iron -containing proteins

AMononuclear northeme iron enzymes

ADinuclear norrheme iron enzymes

AProteins involved in iron transport and storage

Food sources and iron bioavailability

Foods that have relatively high iron content includdiver, red

meat,beans nuts, greenleafy vegetablesand fortified breakfast
cereals,but iron absorption is very variable. For the purposesof

this review, bioavailability is the term used to describe the ex
tent to which iron is absorbedfrom the diet and usedfor normal

body functions, which include inorporation into hemoglobin,

ferritin, and iron enzymes 26, 27). Throughout this review we
always use the nutritional definition of iron bioavailability. This

includes both the absorption and uilization of iron. Iron, unlike

other minerals, hasno regulated excretion pathway,soabsorbed
iron is more or lesscompletely utilized for functional or storage
proteins. Bioavailability includes the iron used forstorage, and
absorption and bioavailability are used synonymously. The his
tory of the landmark observations that provided the basis for
our understanding of bioavailability is summarized inText Box

3 (28z46).

Text Box 3

Landmarks in the study of iron bioavailability

AMcCance, Edgecombe and Widdowson initiated the
study of dietary zinc and iron bioavailability and the in
hibitory effect of phytate (28).

Alron bioavailability studies were facilitated in the late
1940sand 1950s by the availability of two radioisotopes of
iron, 5Fe and®°Fe (29, 30). Iron absorption and bioavait
ability are synonymous and were estimated based on the
measured incorporation ofiron isotopes into hemoglobin.

AObservations by Dubach et al.31) and Moore and
Dubach @0) simplified the methodical approach to mea
suring food iron absorption and bioavailability, demon
strating that 2 wk after the ingestion of radio iron, a mean
of 80% of the amount absorbed is present in the circulat
ing red blood cells in healthy human volunteers, making it
unnecessary to undertake whole bodygounting.

ALayrisse et al. 82) demonstrated that absorption and
bioavailability from a food item in a meal is a property of
the composition of the meal, not of the specific food item,
xEEAE 1 AA O OEA OAT T 111 -4
tion and removed the necessityto tagindividual food items
(intrinsic labeling) when measuring nonheme ironabsorp-
tion. A soluble isotopic tracer can be added to the medts




absorption and bioavailability will reflect the overall ab-
sorption and bioavailability from the meal @33, 34).

AThis model was expanded to recognize the indepen
dent absorption of heme iron and the existence of contam
inant iron, i.e., insoluble nonfood iron derived from dust,
processingmachinery,and cooking utensils (35) in the diet
that is not available for absorption(36).

ARadio-isotope methodology has now been largely re
placed by stable isotopes(37).

AThe important enhancers andinhibitors of iron ab-
sorption have beenidentified.

-Ascorbicacid (38), and,to alesserextent,other organic
acids(39) and animal tissue (40, 41) are the most effective
enhancers of nonheme ironabsorption.

-Phytate (42, 43) and polyphenols (44, 45) are the most
important inhibitors; calcium reduces iron absorption in
single-meal studies(46).

The two major forms of food iron are heme iron in meat
products (10z15% of daily dietary iron intake in populations
that eat meat) and nonheme iron in both plant foods and ani
mal source foods, including meat47). Ferritin iron, present at
fairly highlevelsin liver andlegumeseedssuchasbeansandthe
various forms of iron used for food fortification, areimportant
sources of nonheme iron. Heme iron is always well absorbed.
On the other hand, the absorption of nofeme iron, includ
ing ferritin iron, depends on the iron status of the individual
consuming the meal as well as its compositiorf.ext Box 4 @4,
47755) contains some key points regarding the various sources
of iron.

Text Box 4

Relative absorption of dietary sourcesof iron

Heme iron

A Muscle tissue contains heme iron in the form o
hemoglobin and myoglobin.

AHeme iron is estimated to contribute 1q15% of the
total iron in meat-eating populations, but because of i
higher and more uniform absorption (estimated at 1%
35%), it may contribute up to 40% or more of the total
absorbed iron (47).

ATheproportion of hemeiron in leanmeatsrangesfrom
. 30% in white meats to, 70% in red meats é8).

Ferritin iron

AlLiver is rich in ferritin iron.

ALegume seeds such as beans may also contain up t
30% of their iron asferritin iron (49).

ARecent studies indicate that iron in plant ferritin is
readily released during cooking and digestion%0).

Aln humans ferritin iron is absorbedto the sameextent
asferrous sulfate when consumedin ameal (51).

Nonheme iron

APresent in plant and animaloods.

AVaries widely in absorption from < 1% to > 90% de-
pending on the iran status of the consumer and the pre:
enceofiron absorption inhibitors or enhancersin the food.

-The iron in beans and leafy vegetables, for example, i
poorly absorbed due to the presence of phytate and phe
nolic compounds @4,52).

-When these foods are consumed in composite meal
together with foods providing iron absorption enhancers,
suchasascorbicacid and muscletissue,absorption may be
increased to nutritionally useful levels 63, 54).

Fortification iron (e.g.,ferrous sulfate, ferrous fumarate;
for full list see below)

AAddedto foods including cereal productsinfant foods,
condiments, milk and dairy products, and meal replace
ments.

Alron compounds that are soluble in water or dilute
acid enter the common nonheme iron pool in the gastroin
testinal tract and are absorbedto the sameextent asnative
nonheme iron compounds in themeal.

ASome iron fortification compounds,however, are not
solublein the gastric acid,sodo not fully enter the common
iron pool, and are poorly absorbed 48,55).

Factors which influence non-heme iron bioavailability.
Food components influence iron bioavailability by influencing
iron absorption but have no influence on iron utilization. Food
components that are inhibitors of non-heme iron absorption
in general bind iron in the gastrointestinal tract and prevent
its absorption, whereas enhancers of iron absorption are food
components that weaken or prevent iron binding by inhibitory
compounds by reducing the more reactivesdfric iron to its less
reactive ferrous state or additionally by binding iron in bioavail-
able complexes, thus preventing its binding to the inhibitor.
Table 1 contains descriptions of the most common factors af
fecting iron absorption (26,42,44,46,52,56775).

Fortification iron. Iron bioavailability in relation to fortifi -
cation compounds refers to both absorption and utilization,
although the properties of the iron fortification compounds
influence only iron absorption. The properties, including
relative bioavailability, of iron compounds used in food fortift
cation have been extensively reviewed?6). The order of pref
erence for use in food fortification is as follows 77): 1) ferrous
sulfate; 2) ferrous fumarate; 3) encapsulated ferrous sulfate or
encapsulatedferrous fumarate; 4) electrolytic iron (a pure form
of small particle size iron powder produced by an electrolytic
processe) or ferric pyrophosphate;5) sodium iron ethylene di
amine tetraacetic acid(NaFeEDTA)78) is preferred for phytic-
acid-containing foods;6) iron amino acid chelates, particularly
iron-glycinate chelates havealsobeenusedasiron supplements
and as food fortificants forliquid milk, dairy products, wheat
rolls, and multinutrient beverages (79, 80). However, more
rigorous trials are required to establish their potential utility.

Text Box 5 67, 58, 76279, 81z83) contains some general
caveats about the use of iron fortificard and enhancers of iron
absorption).

Nutrient-nutrient interactions. Iron, iodine, and vitamin A
are the most common micronutrient deficiencies and often
occur concurrently in infants, women, and children in resource-
constrained settings.Deficiencies are most often due to higher
requirements of these risk groups, low dietary intake, and poor
bioavilability in food sources(84). In addition to the multiple



TABLE 1 Common factors affecting iron absorption

Factor Description

Inhibitors
Phytic acid (myanositol
hexaphosphate)

AThe main inhibitor of nonheme iron absorption from pldrasediiets

ARelativelyhighlevelsarefoundin whole graincerealsandlegumeseeds

AAdosedependenteffectoniron absorptionthat startsat verylow concentrationg42, 56)

AAtphyticacid:ironmolarratios> 6, iron absorptionisgreatlyinhibited from compositemealscontainingsmallamountsof enhancing
componentswhereasncereabrsoymealsvith noenhancersironabsorptionisgreatlyinhibitedbyamolarratio> 1(26)

AFoodprocessingnethods suchasmilling, germination fermentation,andthe additionof phytaseenzymesganbe usedto degradephytic
acidandimproveiron absorptionfrom traditionalor processedoods(57)

AAscorbic acid revers#se inhibitory effect of phytate

AAscorbiacid:ironmolarratio of 2:1or 4: lisrecommendedo overcomephyticacidinhibition of iron absorptionin cerealfoodsthat canbe
packaged to avoid ascorbic acid losses during staig)e

AEDTAwill alsoovercomephytateinhibition in fortified foodssuchaswheatflour (59)

Anhibitironabsorptiorinadose dependentvay althoughthestrengthofthe bindingdependonthe structureofthe phenoliccompound

ASourcesnclude:beveragegtea,coffee,cocoaredwine)(60), vegetablegspinachaubergine)61), legumegcoloredbeans)52), and
cereals such as sorghud¥j

APolyphenotompoundsvarywidelyin structureandextentof polymerization

AThegallatecontainingtea polyphenolsappearto be mostinhibitory (60)

ASorghum polyphenols are also vémgibitory

AAlthoughcoloredbeanandsorghunvarietiescontaininghighlevelsof phytateandpolyphenolsarestronglyinhibitory (48), the polyphenol
inhibition is small relative to phytate inhibitid62).

AAscorbiacid,andto alesserextentEDTAwill overcomethe polyphenolinhibition of iron absorption(63)

Acalciumisarelativelyweakiron absorptioninhibitor causinga dose-dependentinhibitionin simplemealsbutlittle or noinhibitionin
complex meals containing absorption enhang@®)

Polyphenols

Calcium

Ainasmalbreadmeal,inhibitionofironabsorptionwasdoserelatedO 300mgCaywith 165mgCacausing 50%nhibitionwhetheradded
as calcium chloride or 150 mL mi@d)
AThesama]uantityofmilkaddedo amealofsteak carrots,FrencHries,Camembertheeseapple bread,andwaterhadnoeffect(65)
AAscorbic acideadily overcomes the calcium inhibition of iron absorp(@®)
Protein Apeptidesrom partiallydigestedfood proteinscaninhibit iron absorptiondependingon their nature
APeptides from legume proteins and some npitteins ardnhibitory
ATheinhibitory nature of soyprotein maybe dueto the peptidesformedon digestionof the conglycinirfraction (67)
ATheinhibitorynatureofcaseiristhoughtto bedueto nonabsorbableomplexe$ormedbetweenironandcaseirphosphopeptide68)
Enhancers
Ascorbi@acid(vitaminC) RAscorbiacidisthe bestknownandmostpotent enhancemf iron absorptioneitherwhenpresentin fruits andvegetableg69) or addedto
fortified foods as the pureompound
Altsfacilitatingeffectisdueto its ability to convertferricto ferrousiron at low pHandto its chelatingproperties(70)
Altseffectisdosedependentandit canovercomemuchor all of the inhibition relatedto other food componentsaswell asenhancethe
absorptionof all currentlyavailableron fortification compoundg71) exceptNaFeED T 2)
Altsmaindisadvantagésthat it issensitiveio lossesiuringfood processingstorage andcookingbecausef oxidation
Aviuscletissuefrom beef,lamb,chickenpork,andfish,aswell aslivertissue enhanceron absorptionfrominhibitorymeals(73)
AThemechanisnis currentlypresumedo belinkedto partiallydigestedpeptides
Acysteinecontainingpeptidescouldpotentiallyreduceferricironto the ferrousform andchelateiron in the samewayasascorbicacid;the
facilitatingeffectof enzymaticallgligestedbeefextractcanberemovedbyoxidizinghe cysteineresidueg74)
AUnlikeotherfood proteins,muscleproteinsarerapidlydigestedby pepsin;conceivablythe infusionof smallpeptidesin the jejunumcould
beresponsiblgor solubilizingron andimprovingabsorption(75)

Muscletissue

exposure scenarios, it ielso important to recognize that
nutrients do not function in isolation and often interact within

common pathways and biological systems. Example$ these
types of interactions include the influence of irondeficiency on
iodine utilization and the role ofvitamin A, riboflavin, folic
acid, vitamin B12, and ascorbic acid as potential causeane-
mia (85). Thesecomplexinteractions demandamore integrated
approach to nutritional assessment in the globdiealth context.
Text Box 6 84,86796) contains some example®f iron-
nutrient interactions. It is not a comprehensive list,but focuses
on someof the bestcharacterizedof theseinteractions. Although
uncertainty remains with regard to the implications of these
interactions, the intent is to highlight both the need for more
researchand for awarenessof their relationships, particularly
in the context of nutritional assessmentat both individual and
population levels.

Text Box 5

General caveats regarding commonly used iron fortificants

A WHO/FAO (2006) provided recommendations for
iron compoundsto be addedto specificfoods,including ce-
real products, condiments, milk, and cama products(78).

Alron absorption from electrolytic iron and ferric py-
rophosphate added to foods is only half the iron absorp
tion from ferrous sulfate. In order to ensure an adequate
iron absorption from a fortified food, the iron fortification
levelwhen usingelectrolytic iron andferric pyrophosphate
should be twice the fortification level when using ferrous
sulfate (76, 77).




AParticular care is recommended when addinglemen
tal iron powders; only electrolytic iron powder is judged
useful.

Aother commonly used iron powders, suclasatomized
or hydrogen-reduced iron powders, are judged to be too
poorly absorbed and are norecommended.

A Ascorbic acid, phytase treatment,NaFeEDTA,and
amino acid chelates can be used to enhance iron abserp
tion from food vehicles rich ininhibitors.

-Ascorbic acid is recommended to be added at a 2:1
molar ratio in relation to fortification iron for low -phytate
products and 4:1 for highphytate products (58).
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and cooking is its main disadvantage.

-Phytases can be used to degrade phytic acid in high
phytate foods either during processing $7) or during
digestion by addition to inrhome fortification powders
added to cereal gruels at théime of consumption 81).

-NaFeEDTAis specifically recommended for high phy
tate cereals such as wholgrain wheat flour @2) as
well as for sauces rich in peptides such as soy and fis
sauces.

-NaFeEDTA is particularly useful in the presence of
phytate.

-NaEDTAIs also effective in combination with ferrous
sulfate at molar ratios < 1 with low-phytate cerealssuchas
rice (83).

-NaEDTAdoes not appear toincrease the absorption
of ferrous fumarate or ferric pyrophosphate.

-The amino acid chelate ferrous bisglycinate also pro
tects iron from inhibitors and is especially useful in liquid
products such as milk 79).

Text Box 6

Examples of iron -nutrient interactions

Vitamin A

AAn interaction of vitamin A in iron metabolism which
results in less incorporation of iron into red blood cells is
supported by animal studies in which longterm admin-
istration of vitamin A-deficient, but iron-sufficient diets,
leads to anemia which carbe corrected with vitamin A
(86).

Aln chronically inflamed/infected populations in low-
resource settings, it is also possible that vitamin A defi
ciency induces anemia via its negative influence on thm-
mune defense Jeading to more infections and more anemia
of infection and inflammation (87).

AThe science regarding the interaction of vitamin And
iron at the metabolic level is evolving. Some examples o
the impact of vitamin A deficiencyinclude: impaired ery-
thropoiesis, poor red blood cell differentiation, impaired
incorporation of iron into hemoglobin, increased break
down of malformed red blood cells, and impaired mobi
lization of iron from reticuloendothelial macrophages and
liver iron stores (84).

AThere is no agreement on the influence of vitamin A
on iron absorption. Although there was a report of stud
iesdemonstrating enhancedron absorption by Venezuelan

peasantswhen vitamin Awasaddedto iron-fortified wheat
andmaizebreads(88), the results could not beconfirmed in
Swissand Swedishstudents (89). The addition of vitamin A
to an iron-fortified maize porridge resulted in a reduction
in iron absorption by vitamin A-deficient Ivorian children
(90).

lodine

A Extensive data from animal stuies indicate that
iron deficiency with or without anemia impairs thyroid
metabolism. This is supported by two recent intervention
studies which showed that provision of both iron and ie
dine to iron-deficient, goitrous Ivorian and Moroccan chil
dren deaeased goiter rates more effectively than did the
provision of iodine alone @1, 92).

Alt hasbeensuggestedhat iron deficiencycanleadto al-
terations in the thyroid hormone feedbacksystem, reduce
deiodinase activity and lower the transformation of thy
roxine to triiodothyronine in the peripheral tissue, and re-
duce thyroid hormone synthesis.

AThyroperoxidase, a heme enzyme that plays a kegle
in thyroid hormone synthesis by catalyging the iodination
of thyroglobulin, is markedly decreased in irondeficient
rats (93).

Zinc

ADue to similarities in absorption and transport, there
has been a longstanding concern about the potential neg
ative interaction between iron and zinc(94).

AThe study of this interaction is complicatednot only by
shared chemistry, absorption, and transport but alsstudy
design (e.g., single supplements compared with food ma
trices, presence or abence of common enhancers and in
hibitors).

AA debate exists with regard to the implications of this
potential interaction to public health interventions with an
emerging consensus that obviates concerns about joiat-
ministration of these essential elemats (95, 96).

Criteria for categorizing bioavailable iron intake (dietary
reference intakes). Nutritional requirements for iron are
markedly affected by the life stage of the individual (age, sex,
and in the case of women, pregnancyYariousreference values
for iron intake at the population level have beermpublished, tak
ing bioavailability into consideration (27, 47, 97). Several cat
egories that have specific applications are summarized ihext
Box 7. Detailedguidelines describing the appropriate applica
tion of these parameters are available47,97).

Text Box 7

Dietary Reference Intake categories

Estimated average requirement or average requirement:

AThe averagedaily intake neededto meetthe estimated
requirements of 50% of the individuals in the population
being evaluated.

AThe Institute of Medicine values for the United States
and Canadaassumea bioavailability of 18%.

RDA

AThe averagedaily intake neededto meetthe estimated
requirements of 97.5% of the individuals in thepopulation
being studied.




AThe Institute of Medicine values for the United States
and Canadaassumea bioavailability of 18%.

Adequate intake

AFor populations in which the estimated average re
quirement cannot be specified and is usually the aver
age daily intake based on observed or experimentally
determined approximations in apparently healthy ind
viduals who are assumed to have an adequate iron
intake, e.g. full term during the first six months of
life.

Upper level

AThe highest continuous daily iron intake considered
unlikely to pose any risk of adverse health effects for al
most all individuals in the specified life stage and sex
group.

WHO/FAO: recommended nutrient intake (RNI)

AcConceptually equivalent to theRDA,the RNI is the
value used by WHO/FAO.

A Expanded stipulated values make adjustments for
bioavailability providing separate levels for 15%, 10%
and 5% bioavailability.

Population reference intake

AcConceptually equivalent to theRDA, this is the value
used by the European Food Safety Authority (EFSA).

AEFSA uses an absorption value of 16% for men an
18% for womento convert physiologicalrequirements into
dietary intakes.

Iron homeostasis

The requirement for iron in a multitude of biological processes
emphasizes the importance of an uninterrupted iron supply for
cellular turnover. This demand and the need to avoid thpoten-
tial toxic effects of free iron are met by a rigorously regulated
system that controls the rate of iron absorption, maintains a
store of readily available iron and recycles iron derived from
cells at the end of their life spans.

The cells that constitute the various body organs are being
renewed constantly.lron requirementschangedramatically dur-
ing cell growth and maturation. The overall requirement also
changes because of physical growth in children, pathophysio
logical changes in organ function, and pregnancy. Iron imper
tation must be controlled precisely and catinuously to supply
physiologicalneedsand avoid potential toxicity. Thisis achieved
by maintaining a readily available, highly regulated iron store.
Considerable quantities of iron are rapidly mobilized if there is
a sudden increase in physiological mguirements. An adult with
a 1000-mg store can extract 40 mg daily 48). On the other
hand, maximal bioavailability from a high bioavailabilityWest-
ern diet is only 2z4 mg/d. It is convenientto review iron biology
relevant to the selection of biomarkers of nutritional iron sta
tus by first dealing with systemic and cellular ironhomeostasis.
This is followed by a description of absorption and finally sec
tions dealing with placental iron uptake and iron transfer into
the nervous system.

Iron homeostasis is achieved by the coordinated opera
tion of two systems. Iron supply is regulated by keeping the
plasma iron level within a fairly narrow range (systemic iron
homeostasis). Individual cells have the ability to adjust the
amount of iron they import and to store any excess (cellular
iron homeostasis). Almost twethirds of body iron is found
in the erythroid compartment (circulating red blood cells).

Alterations in erythropoiesis therefore have a dominant effect
onthe regulation of iron absorption,transport, and storage(99).

Systemic iron homeostasis

Iron is transported through the systemic circulation and extra
cellular fluid bound to transferrin. TextBox 8 22,98,100z107)
containsasummary of somekey elementsof systemiciron trans-
port.

Text Box 8

Key elements of systemic iron transport

Transferrin

Transferrin is the major vehiclefor iron delivery to cells
and is present in the circulating plasma and extravascular
fluid, and has the following characteristics:

AApotransferrin (transferrin without attached iron) is
a singlechain glycoprotein with two lobes, each of which
canbind oneferric ion. It is synthesizedin the liver and has
a halflife of 8 d.

Alron is tightly bound under physiological conditions
in the plasma with an effective stability constant of 18z
10% M' L, Iron bound to transferrin remains soluble, but
is prevented from generating toxic freeradicals.

ABinding is markedly affected by pH, being maximal
above pH 7.0. Dissociation of the iron occurs if the pH ig
lowered, becoming virtually complete below pH 4.5 22,
100, 101).

A Duodenal enterocytes, macrophages in the spleen,
liver, and bone marrow, and hepatocytes are the major
sources of iron that binds totransferrin.

AAbout 35% of theiron-binding sites on plasma trans
ferrin are occupied at any one time; it is customarily ex
pressedaspercentageof transferrin saturation (TSAT);this
corresponds to a plasma or serum iron concentration of

115 pg/L.
" AA diurnal variation exists inboth the plasma iron con
centration and the TSATwith higher levels in the morning
in most individuals (100, 102). The pattern is usually re
versedin in peoplewho are awakeat night and sleepduring
the day.

AThe iron is removed by target cells and the apotrans
ferrin returned to the plasma or extracellular fluid.

AThis cycle is completed> 10715 times eachday. Thus,
the circulating transferrin pool contains only 3 mg Fe at
any one time, but 10 times as much iron ( 35 mg), most
of it destined for developing red blood cells ( 24 mgq),
moves through this transport system each day"in a normal
adult (98). However, the potential capacity of the sgtem
to respond to an increased demand for iron is remarkable.
It is exemplified by patients suffering from thalassemia
major with severe ineffective erythropoiesis. Rapid iron
recycling may supply sufficient iron to sustain erythroid
marrow production levels that are 10 times normal
(103).

Ferroportin

Ferroportin is expressed on the surfaces of cells and ig
the only known cellular iron exporter (104, 105), trans-
porting iron across the plasma membrane for its subse
qguent binding by transferrin in the plasma and extracel
lular fluid, and has the following traits:




Alt is a transmembrane protein thattransports ferrous
iron.

Alt is encodedby the SCL40AIgene(solute carrier fam-
ily 40 member 1).

Alt binds ferrous iron. Iron transfer to transferrin re-
quires oxidation by copper oxidases, ceruloplasmin in
macrophages and hepatocytes, hephaestin duodenalen-
terocytes (106), and zyklopen in the placental07).

DMT1

ADMT1 represents a large family of orthologous metal
ion transporter proteins that are highly conserved from
bacteria to humans (22).

ADMT1 can bind a variety of divalent metals, but is
primarily an iron transporter in mammals.

Most of the iron entering the plasma pool 22 mg/d) is
derived from the reprocessingof hemein red blood cells that
have reachedthe end of their 100z7120-d life spansby specialt
ized macrophagesin the spleen,liver (Kupffer cells),and bone

marrow (98,100, 108). These old red blood cellsare phago
cytosed and the hemeis rapidly catabolizedby cytosolic heme
oxygenasel to yield biliverdin, carbon monoxide andiron. The
iron is either returned to the plasmavia ferroportin within a
mean transittime of 86 min or stored in ferritin (109, 110).

When iron status is in the normal range, 64% is transferred
to transferrin. In iron-deficient individuals, almost all the iron
is releasedimmediately, but as much as 80% may be retained
andincorporated into ferritin in patients suffering from aplastic
anemiawhen requirements are minimal becauseerythropoiesis
is severely impaired. This intracellular ferritin iron pool is in
dynamic equilibrium with the iron circuit. The half-time of res-

idencein the pool is 6 d in anindividual with a normal iron
store. Smallerquantities of iron are exported by other cells,par-
ticularly hepatocytes Absorption from the diet contributes only

1 mg/d in aniron-sufficient adult man.During their childbear-
" ing years,women absorba little more, 1.5 mg/d, to compen-
sate for menstrual blood losses100).

Regulation of systemic iron homeostasis. Systemic iron
homeostasis depends on the regulation of the rate of iron de
livery to circulating transferrin. This is achievedby adjustments
to the amount of ferroportin on cell membranes through the
action of circulating hepcidin @111). Hepcidin binds to ferro
portin, causing the complex to be ubiquinated, internalized and
degraded (112, 113). Hepcidin is therefore the central regula
tor that controls iron absorption, iron recycling, and the size of
the iron store in adults and children> 6 mo (114z116). While
hepcidin is detectablein the newborn infant (117), further stud-
ies are necessary to determine whether its regulation is similar
to that demonstrated in older children and adults.Text Box 9
(111, 118z120) contains some salient features of hepcidin bi
ology. The following is a brief summary of the key interacting
pathways involved in control of hepcidin and iron concentra
tions.

Text Box 9

Salient features of hepcidin
ASynthesized primarily in hepatocytes as an 84mino-
acid propeptide that is processedto the active 25-amino-

acid peptide in the Golgi apparatus before being secreted
into the circulation.

ASubsequent amineterminal processing produces two
smaller peptides with 22 and 20 amino acids that can be
measured in urine, but are not detectable in plasma or
presentatonly very low concentrationsin healthy humans.

AThese smaller peptidesappear to lack ferroportinreg-
ulatory function.

ACirculating hepcidin is bound to U2-macroglobulin
(118).

AUnregulated renal excretion is the major pathway for
hepcidin clearance from the circulation, in addition to the
quantity removed by receptormediated endocytosis pri
marily in hepatocytes and the macrophages of théver,
spleen, and bone marrow {19, 120).

ACirculating hepcidin concentrations are primarilyreg-
ulated by the interaction of four interrelated pathways:

-hepatocellular iron stores [bone morphogenic protein
(BMP)/sons of mothersagainst decapentaplegic (SMAD)]

-erythropoietic rate

-circulating iron concentration [humanhemochromato
sis (HME)/transferrin receptor (TfR)2]

-inflammatory cytokines [the janus kinase signal trans
ducer and activator of transcription 3 (JAK/STAT)] 111)

Hepatocellular iron stores. The regulation by hepatocellular
iron is a multifactorial process. Increasing hepatocellular iron
stores promote the expression of BM#. In the presence of
hemojuvelin (HJV), a membrandound protein, BMP-6 acts as
an autocrine signal by binding to hepatocyte cell surface BM®
receptors. In this scenario, HJV acts as a-meceptor augment
ing BMR6 binding (39, 43). Transcription of the gene encoding
hepcidin (HAMP) is regulated by the SMAD and signal trans
ducer and activator of transcription 3 (STAT3) pathways121).
HJV expression is regulated by iron and hypoxia; both act
by inducing cleavage 6HJV by furin to yield a soluble prod
uct (sHJV). sHJV acts as an antagonist to BHhduced hep
cidin synthesis. In response to acute iron deprivation, HJV is
cleaved by matriptase2 (type-two transmembrane serine pro
tease, TTSPalso known as TMPRBS6), thereby attenuating the
BMP-6 signal, which then leads to decreased hepcidin produc
tion. Hypoxia exerts control on hepcidin production by stabi
lizing liver-specific hypoxia inducible factor 1 (HIF1) which in-
creasegshe synthesisof matriptase-2.Hypoxiatherefore reduces
hepcidin synthesis by decreasing BMB by two mechanisms:
HJV antagonism bysHJV,and augmentation of martriptase2
cleavage(122).

Erythropoiesis. The rate of production of red blood cells
(erythropoiesis) exerts an important effect on hepcidirproduc-
tion. Increased erythropoiesis suppresses hepcidin synthesis.
The effect usually overrides the control exerted by iron stores.
It is therefore an important contributor to the iron overload,
which may be severe, in patients suffering from conditions
such as thalassemia major 122, 123). A putative regulator
called erythroferrone which suppresses hepcidin expression
was identified recenty by Kautz et al. {24) in a mouse model.
It is produced by erythroblasts in response to erythropoietin.
Hepcidin suppression appears to require activation of the
JAK2STATS5 signaling pathway and to be independent of the
canonical BMRSMAD pathway 124). In patients who require
blood transfusions,iron overload is a consequenceof both



the additional iron administered parenterally in the transfused
blood andexcessive absorption from the diet.

Circulating iron. Hepatocytes and developing erythrocytes ex
press transferrin receptor 1 as well as a second transferrin re
ceptor that is encoded by a separate gene, TfR205, 125,126).
The function of both TfR1 and TfR2 are affected by HFE pro
tein. Transferrin carrying iron binds to both TfR1 and TfR2.
It displaces the HFE molecule from TfR1. The HFE molecule
is then available to interact with TfR2, producing a complex
that induces hepcidin transcription by BMP/SMAD signaling.
TfR2 functions as a sensor of iron bound to transferrin. TfR2
is expressedin hepatocytesregulating hepcidin expression,and
in erythroid precursors, coordinating erythropoiesis with iron
availability (105, 127).

Iron, inflammation, and hepcidin. The reciprocal re
lationships between nutrition and iron homeostasis, and
inflammation have been described recently 128). Text Box 10
(105, 111, 129, 130) provides a brief outline of the specifics of
this relationship as it pertains to iron homeostasis regulated by
hepcidin.

Text Box 10

Iron homeostasis, hepcidin, and inflammation

AHepcidin contributes to innate immunity andis a ma
jor component of the anemia of chronic disease (ACD) anc
inflammation (129).

Alnflammatory cytokines, IL-2 and IL-6, stimulate hep
cidin synthesis.

AIL-6 activates theJAK/STATwhich stimulates the hep
cidin promoter (105, 111).

AEndoplasmic reticulum stress also increases hepcidin
expression.

AACDis characterizedby:

-moderate severity

-stability over the course of the iliness

-hypoproliferativ, and morphologically normocytic ery-
throcytes without an increase in the red blood cell distr
bution width (RDW) (130)

-a modest decrease in erythrocyte survival

-sequestrationofiron in the reticuloendothelial cellsas-
sociated with a low serum iron and low total iron-binding
capacity (TIBC), considered to reflect the primary role of
increased hepcidin production(111)

Figure 1 is a graphic representation of our currentun-
derstanding of the factors regulating hepcidin {31). Recent
studies have found that yet other signal transduction path
ways are involved in the control of hepcidin synthesis, includ
ing mammalian target of rapamycin(mTOR) and proliferative
rat sarcomalrapidly accelerated fibrosarcoma mitogenactivated
protein kinase (RAS/RAF MAPK) signaling, linking hepcidin
regulation to nutrient metabolism, cytokines, growth factors,
and cellular proliferation (132).

It is evident from this brief summary of our current un
derstanding of systemic iron homeostasis that hepcidin is the
final common pathway for signals that orchestrate the control
of iron absorption and the delivery from stores. It is ao clear
that hepcidin secretion is regulated by a complex, finely tuned
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requirements Inflammation
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Kupffer cells

Splenic
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FIGURE 1 Factors regulating hepcidin. Fpn, ferroportin. Repro
duced with permission from reference81

set of processes with multiple compensating factors, which be
comesparticularly relevantin pregnancyand development(see
below).

Cellular iron homeostasis

Individual cellspossessanindependentcomplexsystemfor reg-

ulating iron import and export, and intracellular iron economy
and storage 09, 105, 129, 133). Iron uptake closely matches
physiological requirements. The steps for getting iron into and
transported within cells are outlined in Text Box 11 ©9, 105,

126,129, 130, 1337136).

Text Box 11

Iron transport at the cellular level

Getting in

ATransferrin-receptor 1 (TfR1) provides highaffinity
uptake of diferric transferrin by cells and is the dominan
route of iron uptake in immature erythroid cells andper-
haps most other cells {24, 126).

o Low-affinity cellular uptake of diferric transferrin by
other mechanismsin nonerythroid tissueshasalsobeende-
scribed and its relative importance remains under investi
gation.

o Transferrin binds to TfR1, with diferric transferrin
having a higher binding constant (105, 126, 129, 130)
than the monoferric form at the pH of extracellular fluic
(7.4).

AApotransferrin does not competesignificantly.

AThe transferrin-TfR1 complex enters the cell by endk
cytosis in clathrin-coated vesicles.

AThe endosomeis acidified by an ATP-dependent pro-
ton){)ump, reducing the pH tQq 5.5.

The iron is released from transferrin andreduced
by 6-transmembrane epithelial antigen of the prostate 3
(STEAP3).

AThe ferrous iron is transported across the endosome

membraneinto the cell by the DMT1.




AThe apotransferrin-TfR1 complexis returned to the
plasma membrane where apotransferrin dissociates from
TfR1 at the extracellular pH of 7.4 and renters the
plasmapool.

AHepatocytes also import iron by TfRiindependent
pathways (99).

Once in

AMost of the cytosolic iron is transported across mito
chondrial membranesby the transmembrane protein mito-
ferrin encoded by SLC25A37 for synthesis of heme by
incorporation into protoporphyrin IX (134).

Asmallerquantities enter iron-sulfur clustersin both the
mitochondrion and the cytosol.

Alron is also incorporated into nonheme cytosolic en
zymes or stored asferritin.

AEmerging evidence indicates that there are complex
mechanisms that facilitate the distribution of iron within
the cell (135, 136).

A Some experimental evidence indicates that iron is
transferred from endosomes to the mitochondria bydirect
contact rather than transfer through the cytoplasmic com
partment (133).

Regulation of cellular iron homeostasis. Erythroid precur-
sors have been the focus of much research on cellular iron
uptake. However, it is assumed that all cells employ similar
regulatory mechanisms (37), although erythroid cells express
additional controlling factors that are related specifically to
hemoglobin synthesis (37). Iron acquisition is matched to cel
lular requirements by cortrol of cell surface TfR1 expression
by the iron regulatory protein (IRP)ziron responsive element
(IRE) system. IRP 1 and 2 sense the A Tinhngedate iron re-
quirements. When there is a need for additional iron they be
comebound to stem loop structures (IREs)in the 3' untranslated
region of TR mMRNA, thereby preventing constitutive mRNA
degradation and increasing the quantity of TfR expressed on
the cell surface. More iron is imported. At the same tinferritin
synthesis is suppressed by the binding of the IRPs to IREs on
the 5' untranslated region of ferritin mMRNA.Lessiron is incor-
porated into the cellular ferritin store. When iron in the cell is
sufficient, the process is reversed with downregulatn of TfR
expression and increased storage in ferritin. Additional details
on iron homeostasis in erythroid cells are provided inText Box
12 (138z7141).

Text Box 12

Iron homeostasis in erythroid cells: iron supply and
hemoglobin synthesis

AThe precise matching of iron supply to erythropoietic
requirements is acritical elementof red blood cell matura-
tion presumably because of the potential for iroAinduced
oxidative toxicity. Protoporphyrin IX synthesis is coordi
nated with iron availability by the IRPs.

AThe mRNA forii-aminolevulinic acid synthetase 2the
initial andrate-limiting enzymein the hemesynthetic path-
way, has an IREin the 5' region of its mMRNA;IRP binding
inhibits heme synthesis.

AGlobin synthesis is coordinated with heme synthesis
through translational control by the hemeregulated tran-
sitional inhibitor.

AAdditional mechanisms [e.g., effect of TfR2 on ery
thropoiesis (138), aconitaseassociated control of erythre
poieisis (139)] may have important roles.

AReduced responsiveness of erythroid progenits to
erythropoietin in iron deficiency (139).

ADevelopingerythroblasts synthesizeferroportin (FPN)
and can export iron. There are two FPN transcripts
(FPN1A and FPN1B).

0 Unlike FPN1A, the transcript that is expressed by all
cells, FPN1Blacks an IRE in its 5' untranslated region.
o FPN derived from both transcripts are responsive to
hepcidin and systemic ironrequirements.

o It has been hypothesized thaFPN1Bexpression enr
hances sensing of systemic iron status anf@cilitation
of restricted erythropoiesis in responseto systemiciron
deficiency (140, 141). FPN1A predominates once cells
begin to produce hemoglobin.

AThe developing red bloodA A Irdgdir€ments are pri
oritized. Ferroportin expression is suppressed and an ade
guate iron supply for heme synthesis is ensured140).

Specific role of macrophages. Dedicated macrophages in the
spleen, liver (Kupffer cells), and bone marrow have a special
ized role in the AT A lnt@rdal iron economy (142). After a life
span of 10120 d in the circulation, red blood cells are re
moved from the circulation by these macrophages. This pro
cess involves the following two steps:l) entry into an ery-
throphagolysosomewhere the red blood cellmembraneis lysed;
and 2) catabolism of the heme by an enzymatic complex cen
taining NADPHcytochrome c¢ reductase, heme oxygenase 1,
and biliverdin reductase to yield iron, carbon monoxide, and
bilirubin.

Depending on theA T A Uhdnédiate needs, iron is trans
ported across the plasma membrane by FPN, oxidized from the
ferrous to the ferric state by ceruloplasmin, and then bound to
apotransferrin in the plasma,or incorporated into ferritin in the
cytosol for temporary storage.

Same erythrocytes are damaged in the circulation (intravas
cular hemolysis) even in healthy individuals. This intravascular
hemolysis may be markedly accelerated in hemolytic anemias
and diseases that cause ineffective erythropoiesis. Hemoglobin
released irto the plasma is rapidly bound to haptoglobin, a gly
coprotein synthesized in the liver to form a complex that is
too large to be filtered by the kidneys. The iron is conserved.
The hemoglobinhaptoglobin complex binds to CD163 recep
tors on macrophage and hepatocytes, and is then endocytosed
and degraded in lysosomes, releasing heme that is catabolized
as described above. Heme may be separated from globin in the
plasma. If this occurs, it is bound to another plasma protein,
hemopexin. The complex is @ain too large to be filtered by the
kidney. It is removed by macrophages in the liver and spleen
expressing the CD91 receptor and catabolize(L43).

Iron storage and recycling by hepatocytes. In the liver, hep
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omy and are the main site for iron storage. They acquire iron
from both the systemic and the portal (newly absorbed iron)

circulations. Moreover they have the capacity tobtain iron via
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both TfR1- and TfRZindependent pathways ©9). In addition,
iron derived from hemoglobin-haptoglobin, hemehemopexin,
ferritin, lactoferrin, or non-transferrin -bound iron is recycled
through hepatocytes. The liver is also the primary source of
hepcidin.

Iron absorption

Body iron is controlled rigorously by the regulation of ab
sorption in the duodenum and proximal jejunum. Iron excre
tion is minimal and unregulated in human beings. It results
from loss from the gastrointestinal tract (putatively due to bit
iary iron excretion, cellular desquamation, and perhaps micro
scopic bleeding), in the urine and by the desquamation of skin
cells (144). In women additional losses occur as a result of
menstruation and the demands of pregnancy. The usual North
American diet contains 7 mg Fe/1000 kcal 48). A healthy
man with adequate iron stores utilizes 1 mg/dput this can
be increasedto 2z4 mg/d in iron deficiency and reduced to

0.5 mg/d if iron stores are high. Much more iron can be utilized
if supplemental iron is consumed 98). The rapidity with which
these adjustments occuis remarkable. Absorption of a second
dose of iron is blocked within Z4 h of an initial dose (45). Itis
convenientto describethe processof absorption by considering
four interrelated stageswhich are describedin TextBox13 (18,
32,34,50,104, 1467153).

Text Box 13

Stages of iron absorption

1. The luminal phase

AMost of the dietary iron is present in one of three
forms:

-Heme derived from hemoglobin and myoglobin in
meat and fish

-Solublenonhemeiron that is derived from all the other
iron in food and behaves as a common pool fabsorp-
tion

-Iron that is insoluble in gastric juice andtherefore not
absorbed (32, 34)

AHeme iron is well absorbed and enters mucosal cells
as the intact hememoiety.

AThe absorption of all other forms of dietary iron
present in both meat and planfoods depends on theiisol-
ubilization in gastric juice and reduction from the ferric to
the ferrous state.

AAbsorption is markedly affected by meal composition.
Unidentified components of meat (thought to be partially
digested peptides), ascorbic acid, ahto some extentbother
organic acids promote absorption, whereas phytatesier-
tain polyphenols, and some plant and milk proteins are
inhibitory.

AThe mechanism of absorption for two types of iron,
ferritin and nanoparticulate iron, remains uncertain.

-Somre investigators have suggested that ferritin iron,
an important iron source in both meat and vegetables,
crosses the brush border membrane as an intact and ig
highly bioavailable molecule (46).

-Other studiessuggestthat iron is releasedfrom ferritin
in the stomach to join the nonheme common pooHQ).

AFood fortification with iron nanoparticles could enter
the mucosal cell by mechanisms not available to the cem
mon nonheme pool iron (147).

2. Enterocyte uptake

AAIl forms of iron are predominantly absorbed in the
duodenum and upperjejunum.

AHeme iron crosses the bruskborder membrane ashe
intact iron porphyrin, although the transporter has not yet
beenidentified.

AAlmost all of the nonheme iron is taken up by the
DMT1, which is a transmembrane protein encoded bthe
SlcllaZygene that mediates protoncoupled ferrous iron
uptake (148).

ABecause most of the iron in the diet is ferriceduction
to the ferrous form is required for binding to DMTL1.

-Dietary components, such as ascorbiccal, promote
absorption in part by this mechanism.

-In addition, a brush-border membrane ferrireductase,
duodenal cytochrome b (DCYTB), may play some role
in facilitating reduction by electron transfer from intra-
cellular ascorbate (49). DCYTB is markedly upregu
lated in iron deficiency and hypoxia and is thought to
play a major role under theseconditions.

A Observations in both rodents and humans indi
cate that DMT1 transports most of the nonhemeiron
that enters mucosal cells {48, 150). However, other
systems may exist, because inactivation of intestine
specific SlcllaZauses severe iron deficiency, but is not
lethal.

3. Storage within the enterocyte and transport to the
basolateral membrane

AThe processes responsible for the transport of intra
cellular enterocyte iron are unknown.

AHowever, it is evident that all absorbed iron enters
a common pathway after the iron in heme iseleased by
heme oxygenasg151).

AThe iron is then distributed asfollows:

-to meet the requirements of intracellular compart
ments, such as mitochondria, transferred to the baso
lateral membrane for absorption into theportal circu-
lation; or

-to be stored within the enterocyte as ferritin whenthe
AT A detnénds arelow. Most of the iron ferritin is lost
due to exfoliation of enterocytes(18).

4. Efflux acrossthe basolateral membrane and binding
to transferrin

A Ferrous iron is transported out of the enterocyte
acrossthe basolateralmembrane by FPN1(encodedby the
Slc40algene). Like DMTL, intestinespecific inactivation
of this genein mice causessevereiron deficiencybut is not
lethal (104).

ABinding to transferrin in the interstitial fluid requires
that the iron be in the ferric form. Oxidation is mediated
largely by hephaestin,amembrane-bound multicopper fer-
roxidase (152). Ceruloplasmin in the interstitial fluid also
appearsto play arole in this process(153).

Systemic regulators of iron absorption. In the absence of
infection or inflammation, iron absorption is stimulated when
body stores are low @ erythropoiesis is increased. Finch123)
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the dominant role and accounts for the nontransfusional iron
overload that occurs in such conditions as thalassemia major
in which absorption may continue to be enhanced despite a
progressive increase in the size of the iron store. Both mecha
nisms are now known to ke mediated by circulating hepcidin.
The relationship between iron stores, hepcidin concentrations,
AT A DPEUOGETITTI CEA AT1 060711
are described elsewhere. Hepcidin production is suppressed by
increasing storage iron. Hepcith binds to FPN1on the base
lateral surface of duodenal enterocytes, leading to its internal
ization and degradation (113).

A new hormone named erythroferrone (ERFE) has been
identified thatincreasesron absorption by suppressinghepcidin
during stress erythropoiesis in mice (24). ERFE is secreted by
human erythroblasts in response to erythropoietic stimulation
AU AOUOEOIT bl EAQEI
throid regulator.d

The overriding importance of the hepcidin/FPN1 axis in
preventing excessive iron absorption is illustrated by two sets
of observations. Virtually all inherited primary iron overload
disorders result from mutations that affect hepcidin or ferro
portin (154). The recent discovery of ERFE suggests that iron
loading anemias are also the result of hepcidin suppression in
the face of iron overload. Hepcidin has also been shown to
reduce enterocyte iron uptake by inhibiting DMT1expression
(155) through ubiquitin -dependent proteasome degradation of
DMTL1 in Cace2 cells (156). In experimental animal models,
iron absorption has been shown to be increased in response to
oxygen deprivation (157). Hypoxia inducible factor 2J (HIF20)
hasbeenidentified asakey transcription factor in this response
(158, 159). DMT1, Dcytb, andFPN1 have hypoxia response
elements within their promoters that activate transcription in
response to hypoxia(158z160).

Cellular regulators of iron absorption. Enterocytes also have
the complex cellular machinery found in erythroid precursors
that control their internal iron economy.These mechanism&n-
sure the safe handling of iron necessary for cellulanetabolism
and regulate the transfer of iron to the systemiccirculation, and
in particular afford protection against sudden iron surpluses in
the duodenal lumen. This protection may occur bgtownregula-
tion of DMT1 and incorporation of iron that crosses the brush
border membrane into ferritin (161). The control of iron im-
port and storage by the IRE/IRP system is described in detail
elsewhere in this review.

The regulatory mechanisms that control iron absorption,
storage, and export described for erythroid cells,are similar in
enterocytesbut with the additional involvement of somespecific
proteins, as follows: 1) the 3' IRE of DMT1 mRNA stabilizes
the mRNA, leading to increased protein levels in iron deficiency
(162); 2) the IREin the 5' region of FPN1 mRNAbinds IRPs,
thereby inhibiting protein translation ( 145, 161); and 3) DcytB
and hephaestin mRNAsdo not appearto contain IREs.

Control mechanisms arehowever, even more complicated
as two spice variants of both the FPN 1 and DMT1 mRNAs
are present, one with and one without an IRE. Furthermore,
transcriptional regulation is alsoimportant. For amore detailed
description see references 145, 163).

There is debate regarding how well regulated iron absorp
tion is in the neonate and infant. Animals models suggest
that DMT-1 and FPN1 are developmentally regulated (64)
with achievement of full expressionat the time of weaning (in
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infants have shown a surprisingly consistent 3340% rate, a
finding that would suggest relatively limited active regulation
given the wide range of iron status found in this population
(114z7116).

Placental, iron transport

play, including nutrient transfer and waste disposal, and en
docrine functions that are integral to its role as a regulator
of fetal growth and differentiation. The study of the placenta
is complicated by the available resources that can be used.
Most studies in humans utilize placentas from fulterm infants.
The use of animal models presents a range of challenges, from
species differences in anatomy to differences in iron transport
and metabalism. Thesedifferenceshaye beenreviewed recently _
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the current understanding of placental iron transport and pe
tential adaptations to iron deficiency.

Text Box 14

Mechanisms of placental iron transport

ADiferric transferrin binds to the TfR on the apicalsur-
face of theplacental syncytiotrophoblast membrane(166).
This is a high-affinity binding process,with the Kq for di-
ferric transferrin being . 10' °M' 1(167).

AFollowing binding, the complex s internalized and is
incorporated into coated vesicles.

AThe vesicles are acidified 168) and the affinity of di
ferric transferrin for iron decreases.

AAlthough in most cells, iron is released and exits tt
endosome throudh DMT1, in the placenta, DMT1 may ni
be essential for this purpose {48).

ARecent studies suggest that other metal transporter
suchas ZIP8,may fulfill this function (169).

AFollowing release into the cytoplasm of thesyncy-
tiotrophoblast, iron is transferred to the basolateral side
How this is accomplished is not known. It is unlikely to b
as a freely diffusiblemoiety, since ferrous (Ill) iron is very
insoluble at neutral pH, and érric (ll) iron is biologically
very active. Specific iron chaperones, e.g., PCBP1 whic
reportedly highly expressedin the placenta,havebeensug-
gested.

AAt the basolateral membrane of the syncytium, iro
effluxes through ferroportin in a similar fashion to that de-
scribed for the duodenal cell. It moves through the men
brane as Fe(ll) and is oxidized by a copper ferroxidas
termed zyklopen (107).

Alt then binds to fetal transferrin, and is carried to the
fetal liver and to the erythropoietic tissues.

Alrreversible changes in brain occur following prenata
iron deficiency (170).

Adaptation to iron deficiency

AAn increase in TfR expression at the apical surface
the placentalsyncytium membraneresultsin increasediron
uptake.

-Increases have been observed in DMT1 and zyklop
expression, but no change in ferroportin mRNA level
The mechanism of regulation appears to be governec
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by the fetus.Fetalliver hepcidin correlatesstrongly with
iron levels, andalsowith TfR levelsin the placenta.

Aln contrast, maternal liver iron and hepcidin do not
correlate (171), suggesting that another signaling system
may be operating between the placenta and the maternal
liver.

ARecent suggestions for the signaling system have-in
cluded GDF15 and soluble hemojuvelinl(Z2), but much
work remains to be done todemonstrate this.

Fetal iron

Fetal iron requirements change throughout pregnancy. In the
early stages of pregnancy, iron is needed to maintain growth
and differentiation of the fetus, so that although the amounts of
iron may not be very high, iron deficiency can result in signi
cant changes. It has been shown that the mioregnancy period
is particularly important (173). Using cultured embryos, iron
deficiency resulted in delayed growth and differentiation, and
an increase in malformations. Providing iron over the 10.5to
12.5-d period in rats reversed these change(term is 22.5 d in
the rat). Extending the work to in vivo studies, it was demon
strated that restoring iron status in the mother following iron
deficiency in the early part of pregnancy only partly reversed
the developmental effects {74).

During early development, the fetus is entirely dependent
on maternal supplies to meet its iron requirements. In order to
maintain iron status in the fetus, at least to the maximum ex
tent possible, the placenta has developed a seried adaptive
mechanismsyegulated partly by the samesystemasoperatesin
other cell types. In humans, most of the iron delivered to the fe
tus comes from maternal transferrin (L75), though recent data
suggestthat hememay alsobe asource(176). Becauseof its im-
portance in the delivery of iron during pregnancy, the placenta
hasbeenstudied fairly extensively,sothat the transfer hasbeen
reasonably well elucidated.

Thefetuswill accumulateiron to the detriment of the mother
(176, 177). For example, in early studies, reducing iron in the
maternal diet of rats resulted in a significantly lower maternal
iron status as eflected by lower hemoglobin and hematocrit
(Hct) compared with control animals receiving ironadequate
diets. In contrast, levels in the fetal liver dropped only byd0%
(174).Interestingly, this effectis strain specific,andother breeds
of rat are less capable of maintaining iron levels in the face of
nutritional stress(178). Otherstudieshaveshown different win-
dows of sensitivity for other physiological parameters. For ex
ample,postnataliron deficiencyhasbeenshownto resultin per-
manent changes in hippocampal function in micel(79, 180),
although restoration at the end of pregnancy can reverse the
changes.

Iron homeostasis
system

Iron is essential for normal brain development and function
(181). The core functions of iron in the brain are listed ifText

in the developing brain and nervous

Text Box 15

Roles of Iron in the Brain

AEnergy metabolism(182)

ANeuronal and oligodendroglial cell migration(183)

AMyelination (184)

AMonoamineregic and glutamatergic neurotransmitter
metabolism (185, 186)

ARegulation of genes related to myelin, synaptic plas
ticity, and gowth factors (187, 188)

Brain iron transport. The transport of iron across the blood
brain barrier is not completely understood. Figure 2 shows an
overview of iron transport in the brain (192).

Some of the details of our current understanding of iron

transport in the brain are outlined in Text Box 16 1937196).

Text Box 16

Evolving view of brain iron transport

Early view

AEarly studies suggested that the transferririron com-
plex was transcytosed intact across the vascular endothe
lium (193).

ABy this mechanism, ferric iron bound to transferrin
would be available to bind TfR1 located on the neuronal
membrane with uptake via the Tfr-1/DMT-1 mechanism
POAGAT O ET OAA AITTTA AAdIN O

Aln this mechanism, one or two molecules ofefric
(Fe**) iron are bound to serumtransferrin.

AThis mono- or diferric saturated transferrin binds to
TfR-1, a transmembrane homodimer, whose binding affin
ity is greaterfor saturatedholo(diferric)transferrin thanfor
unsaturated apotransferrin.

Evolving view

AFerriciron isreducedandthen transferred via the clas-
sical TFTR-DMT-1 mechanism into the endothelial cell and
then extruded acrossthe basalmembranevia aferroportin
andthe multicopper oxidasemechanismto transferrin syn-
thesized inthe brain (194, 195).

A At the basal (brainfacing) surface, ferrous iron is
transported to the brain viaferroportin.

AA multicopper oxidase (e.g., ceruloplasmin or hep
haestin) is needed to convert ferrous iron back to itder-
ric state so that endogenous brain transferrin will bind it
and deliver it to TfR1 located on the neuronal membrane
for incorporation via the TfR-1-DMT-1 uptake mechanism
described above.

AThe possibility that oligodendrocytes do not obtain
their iron via atransferrin mediated mechanismut rather
by via ferritin binding of the Tim-2 receptor, has been pro
posed (194, 196).

Box 15 (1827188). Disruption of these processes by iron defi
ciencyleadto predictable and consistentstructural, electrophys-
iological, and behavioral abnormalities both during the period
of iron deficiency and long after iron repétion (170, 188z191).

Themechanismsofiron transport to the central nervoussys-
tem remain areasof intensive investigation to better understand
the etiologiesof deficiencyaswell asoverload states(197). Even
as our understanding of neuronal iron transport evolves,it is



FIGURE 2 Diagrammatic portrayal of the BBB
and the iron transport proteins believed to play
a role in iron movement into the brain. BBB,
blood-brain barrier; CSF,cerebrospinal fluid;
DMT1, divalent metal transporter Ert, ferritin;
FrtR,ferritin receptor; MTP,metal transport pre
tein or ferroportin; Tf, transferrin; TfR, transfer
rin receptor. Reproduced with permission from
referencel92

important to note that the uptake of iron via TfR-1-DMT-1 is
developmentally controlled during the late fetal/early neonatal
time period. For example, in the rat, hippocampal TfR expres
sionis minimal at postnatal day 5 (human developmentalequiv-
alent of 32 wk of gestation) andincreasesto adult levelsby post-
natal day 15 (human equivalent of 2z4 mo postnatal age)(198).
Thisincreasedexpressioncoincideswith aburst of hippocampal
metabolic activity characterized by increased glucose uptake,
neuronal differentiation (199), maturation of electrophysiology
(190), and upregulation of growth factors 200). The finding
of increased iron uptake during this time period underscores
the importance of iron in supporting neuronal metabolism and
mitochrondrial integrity, most likely through its direct role in
cytochromes(201).

Iron needs during critical periods of brain development.
The brain consistsof multiple regions that have different de
velopmental trajectories (202). The risk to any brain region or
nutrient -dependent process will be a function of the timing of
the nutritional insult (203, 204). The following will summarize
what is known aboutE O rbliObrain development from the
perspective of 1) brain monoamine metabolism,2) brain energy
metabolism, and3) myelin formation.

Iron and monoamine metabolism. In humans, the
monoamine neurotransmitter system begins its develop
ment in mid-gestation and continues to have a period of rapid
development until 3 y of age. The multiple feedback loops
in the dopamine and serobnin systems make it difficult to
determine primary compared with secondary effects of iron.
A summary of the impact of iron on monoamine metabolism
is found in Text Box 17 (170, 205, 206). The observations
outlined point to acritical period during which iron is necessary
for normal brain monoamine metabolism development that
occurs at the developmental equivalent of late gestation in the
human. If correct, the information strongly supports the notion
that maintenance of maternal iron status is key to offspring
brain health and that posthoc treatment of the iron-deficient
newborn or child will not result in normal development of this
neurotransmitter system, which is important for reward and
mood/affect.

Nauron

Astrocyte

Oligodendrocyte

Choroid
Plexus

Text Box 17

Iron, monoamine metabolism, and brain development

AThe most direct effect of iron is likely to be on the
synthesis of all three monoamine neurotransmitters, i.e.,
dopamine, serotoninand norepinephrine.

Alron acts through alteration of the iron-containing en-
zymes tyrosine hydroxylase and tryptophan hydroxylase
(205).

AGestational and lactational iron deficiency alters as
pects of dopamine and serotonirmetabolism acutelydur-
ing the period of iron deficieny and long term after iron
repletion (170).

Aspecifically, alterations are seen in thdollowing:

-The neurotransmitters themselves

-Neuronal postsynaptic neurotransmitter receptors
-Neuronal presynaptic neurotransmitter reuptake
mechanisms (70)

ATiming is important in terms of preventing the long
term sequelae.

-Treatment at or after postnatal day 7 (equivalent to
36240 wk of human gestation) fails to prevent long
term changes in monoamine metabolism70).
-Treatment at postnatal day 4 (equivalent to 30 wk ges
tation) appears to reverse the acute findingsZ06).

Iron and brain energy metabolism. Iron is found at the active
enzymatic core of cytochromes, which mediate electron trans
port and oxidative phosphorylation. Energy availability is es
sential for normal neuronal dendritic growth and differentia-
tion, as evidenced by increases in glucose metabolism and iron
uptake by brain regions during their growth spurt. A summary
of the evidencefor E O 1 rbleSirCbrain energy metabolismis pro-
vided in Text Box 18(179,182,185,189z191, 200, 207z7210).



Text Box 18

Iron and brain energy metabolism

AMaintenance of brain energy status is affected by iron
deficiency viareduced cytochrome ¢ concentrations 182)
andreducedcytochrome c oxidaseactivity (207), areliable
marker of neuronal activity (208).

AGestational/lactational iron deficiency anemia as well
as nonanemic neuronal iron deficiency alters phosphorus
utilization for ATPand lactate metabolism in the develop
ing hippocampus (L85, 209), suggesting significant effects
on neuronal energy metabolicbalance.

ADisruption of energy metabolism in iron deficiencye-
sults in abnormal dendritic arborization, synapse forma
tion, and expression of synaptic plasticity and growth fac
tor genes(185, 189, 200, 209).

AForm follows function in that these abnormal den
dritic arbors (in the hippocampus) have reduced electre
physiologic function (190) and the animals exhibit altered
learning and memory behavior(179, 191, 209, 210).

As with the role of iron in monoamine development, a
critical period exists when iron is essential for hippocam
pal neuronal development (postnatal day 1825), after which
provision of iron does not completely prevent longterm gene,
metabolism, or structural and behavioral abnormalities 179).
The hippocampus has been extensively studied from thger-
spective of neuronal metabolism as way of understanding the
role of iron sufficiency in learning and memorybehavior. How-
ever, it is likely that other areas of the brain have different de
velopmental trajectories and critical periods.

Iron and myelination. Myelination in the human begins in the
late fetal period and extends at a rapid pace through the first
273y (202). Myelin is the fatty sheath found on nerves that in
creases conduction speed and efficiency, properties that are in
turn related to speed of processing for behavioral tasks. Hy
pomyelination increases the latency between peaks of electro
physiological activity in the auditory and visual systems. The
role of iron can be summarized as follows 411): 1) iron is
present in delta 9desaturase as well as fatty acid elongases,
important enzymes in the synthesis of fatty acids found in
the myelin sheath; and2) oligodendrocytes are highly active
metabolic cells when they are synthesizing myelin and thus are
dependent on adequate cytochromeactivity.

In the rat model, iron-deficiency anemia (IDA) during gesta
tion/lactation results in hypomyelination with significant alter -
ations in the fatty acid profile of the myelin and reductions in
myelin basic proteinexpression (187,211).

Disorders of iron balance

Iron deficiency

The causes of iron deficiency are summarized ifiext Box 19.
An inadequate intake of bioavailable iron (nutitional iron de -
ficiency) is the most common cause of iron deficiency and the
most prevalent disorder of iron balance worldwide. It occurs
primarily in individuals with increasedrequirements, especially
in early childhood, the adolescent growth spurt, hie childbear
ing years,and pregnancy.Pathologicalblood or hemoglobinloss

(which may be undetected unless appropriate laboratory tests
are carried out) and malabsorption due to diseases of theom-
ach and proximal small bowel account for most of the other
cases (00). Genetic mutations of the TMPRSS6 gene are rare
causes, giving rise to the clinical entity called iromefractory
iron-deficiency anemia (IRIDA), which is reviewed in reference
(212). At the individual level, especilly in populations where
the prevalence of nutritional iron deficiency islow, establishing
the cause is essential (e.g., occult bleeding in the gastrointesti
nal tract). In populations with a high prevalence of iron defi
ciency,evaluation of bioavailalde iron intake is most important,
although it may be necessary to assess the risk of exposure to
parasitic helminths that cause bleeding such as hookworm and
schistosomiasis.

Text Box 19

Causes of iron deficiency
Alnadequate intake dueto:

-Habitual/discretionary inadequate intake of bioavail
able iron

- OOOEOEI T Al EOI1T OEI OAAOD
availability of bioavailable dietary iron (e.g., poor di
etary diversity)

Alron malabsorption due to:

-Celiac disease (hluten enternpathy)

-Chronic Helicobacter pylorgastritis

-Autoimmune atrophic gastritis

-Some surgical procedures involving the stomach or thg¢
upper small bowel

-Iron-refractory iron -deficiency anemia (IRIDA)

AAccelerated physiologicatequirements.
Alncreasedrequirements for growth:

-Premature infants
-Early childhood
-Adolescent growth spurt

AMenstruation.
APregnancy.
APathological bloodloss:

-Bleeding from the gastrointestinal and genitourinary
tracts

-Parasitic infections notable helminth infections such as
hookworm and schistosomiasis

-Menorrhagia

-Intravascular hemolysis

ABlood donation.

The primary focus of the following sections will be nutri
tional iron deficiency, which occurs when an individual con
sumes insufficient bioavailable iron on a daily basi®ver an
extendedperiod to meetrequirements,despitemaximalupregu-
lation of the physiological mechanisms for accelerating absorp
tion. Iron deficiencyis the only disorder of iron balancein which
nutrition has the primary role. Systemic iron overloadoccurs
as a result of pathological disorders that impair the regulation
of iron absorption, parenteral iron administration, or repeated
blood transfusion. Conditions that lead to orgasspecific iron
accumulation are beyond the scopeof this review.



TABLE 2 Prevalencefanemianinfantsandyoungchildren
(birth to 5 y of age) by regior2005"

Globalregion Prevalencg%)
Africa 64.6

Asia 47.7
Europe 16.7
LatinAmerica 39.5
North America 34
Oceania 28.0

1Adapted with permission from referenci6.

Anemia. Anemia is the most evident consequence of iron defi
ciency.lt is associated with significant morbidity and has been
the focusfor evaluatingiron status.Pallor is often noted asapri-
mary sign of anemia and patients may complain of symptoms
that result from the diminished oxygencarrying capacity of the
blood, including weakness, fatigue, decreased physical wotk-
pacity, shortnessof breath, and palpitations (100). However,the
AT A tbtn@ensatory mechanisms for improving oxygen deliv
ery to tissues are very effective if the onset of anemia is grad
ual and symptoms may not be noticeable until the hemoglobin
is <80 g/L (213). Nevertheless, anemia is asstated with sig-
nificant morbidity. Iron -deficiency anemia is correlated withan
increased risk for preterm delivery, low birth weight, and ma
ternal and child mortality (214). Mental, motor, and emotional
development is alversely affected in children, andDA may be
a contributory factor to heart failure (215).

The risk is particularly high in low-resource settings
(Table 2) (216). However, iron deficiency remains a pub
lic health challenge in parts of the population even in the
United States. The data inTable 3 are based on NHANES
(200372006) (217). The glokal prevalence of anemia in 2010
was estimated to be 32.9%.Iron deficiencywasthe most preva-
lent cause(215).

The historically acceptedmodelof nutritional iron deficiency
(218) proposedby Bothwell et al. (100) is basedon the severity
of iron deficiency categorized by its impact on the erythron.
It emphasizes the need to recognize the early stages of iron
deficiency? beforethe appearanceof frank anemia.In the event
of a sudden increase in iron requirements e.g., as the result of
pathological blood los® iron in stores can be mobilized within
afew days.Onthe other hand,if there is little storageiron avail-
able it may take months to repair the defiit by increasing ab
sorption from a nonsupplemented diet. Three stages in thevo-
lution of uncomplicatednutritional iron deficiencyare described
as follows (100):

? Storage iron depletioniron stores are exhausted, but there
are no erythropoietic consequences, absent stainable bone
marrow iron, low serum ferritin (SF); normal values for
TSAT red blood cell protoporphyrin, serum transferrin re-
ceptor (sTfR), andhemoglobin.

2 lIron-deficien erythropoiesisthere is evidence of inade
quacy in the iron supply for erythropoiesis, but nodecrease

TABLE 3 Percentagef personswith iron deficiency(basedon
the body iron model) from NHANES (2008) (217)

Children (age 42 y)
Children (age & y)
Females (age £29y)
Females (age 2@9y)

14%
4%
9%
9%

in the hemoglobin concentration sufficient to be detected
by the standards used to differentiate normal from anemic
states, absent stainable bone marrow iron, lo@FJow TSAT,
increased red blood cell protoporphyrin and sTfR, andor-
mal hemoglobin

2 Iron-deficiency anemiameasurable functional iron defi
ciency (reduced circulating red blood cell mass), absent
stainable bone marrow iron, lowSFJow TSATjncreased red
blood cell protoporphyrin and sTfR,and low hemoglobin.

This model has played a critichrole in developing our
approach to improved iron nutrition and the prevention of
iron-deficiency anemia. It appropriately focuses on anemia as
the overriding functional consequence of progressive iron defi
ciency.The currently available biomarkers havebeen selected
to characterize the three stages in the evolution of uncompli
cated nutritional iron -deficiency anemia. They provide a means
of establishing an accurate assessment of the severity of iron
deficiency at both the individual and population leel. How
ever,they may fail to identify other potentially important func-
tional consequences of iron deficiency that may or may not be
associated with anemia. Such nonspecific symptoms as muco
cutaneous clinical findings such as koilonychia, angular sto
atitis, and glossitis, as well as sideropenic dysphagia, have been
describedin the past(100). However,thesesymptomsarerarely
encountered now and may well have resulted from the com
bined effect of iron deficiency ad other nutritional or environ -
mental factors.Picais still encounteredin somepopulations and
iron deficiencymaybe acontributing factor in patients suffering
from restless legs syndrome 219, 220).

Thefollowing sectionsare reviews of five other high-priority
functional outcomesincluding: 1) pregnancy outcome; 2) fetal
and infant neurologic development;3) exercise capacity4) thy-

roid function; and 5) morbidity related to infectious disorders.

The effect of iron deficiency on the maturation of the cen-
tral nervous systemhasbeen consideredin the greatestdetail
because of the potential longerm consequences of irordepri-
vation during this critical period of the life cycle.

Effects of iron deficiency on pregnancy outcome. The evat
uation of maternal iron status during pregnancy relies on the
same biomarkers described in the preceding section, but their
interpretation requires consideration of the evolving changesin
the amount and distribution of body iron during the course of
gestation. In this section, the underlying changes in iron home
ostasisduring pregnancywill be summarizedfor eachtrimester
and the corresponding effects on the principabiomarkers of
iron status described.

During pregnancy, iron is needed for the following1) the
growth of the fetus and placenta;2) the increasein the maternal
red blood cell mass3) replenishing blood losses at parturition;
and 4) restoring basal ironlosses.

The total iron requirement during pregnancy is of the order
of 1000 mg, with the exact amounts depending, in pan body
weight, fetal and placental size, and the extent of the expansion
of red blood cell masq221,222).

The mother may remain iron replete if the iron requirement
can be met from the combination of the stores present at cen
ception and the amounts of dietary iron that can be absorbed
during pregnancy.lron requirementsin excessof theseamounts
can lead first to maternal iron depletion, then to irondeficient
erythropoiesis and finally to IDA. To avoid the development of
iron deficiency, a storage iron reserve of some 3@®00 mg is
likely to be needed,in conjunction with a diet with abundant



bioavailable iron (223, 224). After delivery, the iron that was
used in the expansion of the red blood cell mass, 496800 mg,
gradually becomesavailablefor erythropoiesis or for replenish-
ment of stores.

Most of the evidence for the relation of biomarkers to body
iron statusis indirect; bonemarrow examinationis seldomused
to assess iron status during pregnancy-owever, one study ex
amined marrow iron stores in Swedish women with uncom
plicated pregnancies who were not anemic during their first
trimester. At about 12 wk of gestation,marrow iron storeswere
present in almost 90% of the women. By 35 wk of pregnancy,
marrow iron storeswere absentor presentin only traceamounts
in >60% of the women who had been given 200 mg Fe &-
rous sulfate daily and in all the women who had been given
placebo (225).

The patterns of changes intte principal biomarkers of iron
status during pregnancy and postpartum are showgraphically
in Figure 3, derived from a study of apparently healthy Dutch
women (226). It should be noted that lecause pregnancy is an
inflammatory state (227z229), the potential confoundingeffects
of inflammation on the interpretation of these biomarkersmust
be considered. In addition, the influenceof obesity and weight
gain during pregnancy on iron homeostasis and biomarkers of
iron status has not been well characterized230, 231). Gener
ally, studies in initially iron -replete women gven adequate iron
supplementationduring pregnancyhavebeenusedto assesghe
effects of pregnancy on biomarkers in the absence of iron defi
ciency and to estimate iron requirements 223, 225, 232).

First trimester. A number of changes occur that affect iron
physiology, absorption, and status after conception andur-
ing the first trimester. Text Box 20 223, 233) contains a list of
some the key events. Using data derived from the Dutch study
described above 226), median concentrations of the principal
biomarkers of iron status in healthy women during the first
trimester of pregnancy are shown inFigure 3. The following
highlights what is known about specificbiomarkers.

Text Box 20

Basics of iron biology in  pregnancy: first trimester

AAfter conception,the arrest of menstruation decrease:
iron losses to a basal level for much of the first trimeste
(Figure 1).

ATheiron requirementfallsto, 0.8mg/d (223) andiron
absorption may decline.

A With a highly bioavailable diet, total (heme and
nonheme) iron absorption hasbeen estimated at only
. 0.4 mg/d (233).

Alnitially, a reduction in erythropoiesis may slightly re-
duce the circulating red blood cell mass and increase irol
stores (223).

AIn the latter portion of the first trimester, fetal and pla-
cental growth accelerate and expansion of the plasma w
ume begins.

Hemoglobin.

2 Inthe absenceofiron deficiency,the circulating hemoglobin
concentration declines by 10 g/L during the first trimester
(234).

? The threshold for anemia decreases from 120 to 110
g/L in guidelines from the CDC 285) and WHO
(236).

2 Modifications to the threshold are needed to account fahe
effects of altitude and smoking(236).

2 Other corrective adjustments (e.g., adjusting ctoffs,
different intervention strategies) have been proposed
(237).

2 The optimal hemoglobin concentrations for fuRc
tional outcomes have not been determined 221, 222,
238).

Serum iron, ferritin, sTfR, and iron stores.

2 During the first trimester, with expansion of the plasmavol-
ume, the serum iron begins to fall whereas the serum trans
ferrin concentration, shown as TIBC inFigure 3, begins a
steadyincrease resulting in adecreasein the serumtransfer-
rin saturation (226).

? By the end of the first trimester, the SF concentration, an
indicator of body iron stores, begins a steadgecline (239).

? SF concentrations are reduced as a result of hemodilution
in pregnancy and exhibit considerable dayto-day intraindi-
vidual variability (240).

2 An SF concentratior> 70 pg/L before pregnancy or early in
the first trimester hasbeenproposedasameansof identify -
ing women who will not need iron supplementation during
gestation (241). However, a variety of guidelines have been
published with respectto the concentration of SFthat is best
to identify iron deficiency (242).

? The sTfR concentration remains stable243z7246) whereas
the sTfR index (the 3fR concentration divided by log SF)
begins to increase. The distribution of body iron stores,
estimated from SF and serum transferrin receptor concen
trations (247, 248) among pregnant womenexamined in
NHANES, 19992006, was reported by Mei et al. 249).
During the first trimester, 6.9% of these women were iron
deficient, using the criterion of body iron index <0 mgkg.
(Body iron index is defined as thdogarithm of the ratio of
sTfR/ferritin. It provides a quantitative estimate of the size
of the body iron store; discussedin greater detail later in this
review.)

Erythrocyte protoporphyrin.

2 :ETA DPOI O PT OPEUOET j:00Qq EO
established biomarker of ironAAZEZEAEAT &6 AOUOE
(250).

? Measured as the ZPP/heme ratio (ZPP/H) by a hematoflu
orometer, erythrocyte protoporphyrin is unaffected by the
hemodilution of pregnancy (251).

2 With an adequate ironsupply, erythrocyte protoporphyrin,
unlike sTfR, is also unaffected by increased erythropoiesis
during pregnancy (252).

2 Erythrocyte protoporphyrin remains within the reference
rangein iron-replete women during the first trimester (235,
246,2517253).

Second trimester. A nhumber of changes occurring in iron
homeostasis as gestation progresses are highlighted TrextBox

21 (223, 233). Median concentrations of the principal biomark

ersofiron statusduring the secondtrimester of pregnancyare

again shown inFigure 3.



FIGURE 3 Biomarkers of iron status during pregnancy and 6 wk postpartum in 31 apparently healthy Dutch women. The participants in this
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study were> 18 y old with an expected normal pregnancy based on a normal hematologic blood count, renal function, and lives extzyie
first visit. Iron supplements were not routinely prescribed and were reserved for those with hemoglobin concentrafiofg/L and reduced
mean cell volume<80 fL) in accordance with national guidelines. Data are shown as medians with thasi®fsks represent the significance
in relation to first trimester values; analyzed with linear mixed moddfs<* 0.05, **P < 0.001,*** P < 0.000. sTfR, soluble transferrin receptor;
sTfRindex, sTfRdivided by log ferritin; TIBCtotal iron-binding capacity.Reproducedwith permissionfrom reference226.

Text Box 21

Basics of iron biology in pregnancy: second trimester

AFetal and placental growth increase throughout th
secondtrimester.

ABoth the red blood cell mass and plasma volume €
pand steadily with a greater proportional increase in the
plasmavolume.

Alron requirements steadily increaseto_ 4 mg/d by the
end of the second trimester 223).

ATotaliron absorption rises to an estimated 1.9 mg/d
from a highly bioavailable diet(233).

Hemoglobin.

2

In the absenceof iron deficiency,the circulating hemoglobin

concentration continues to decline, with the threshold for
anemiadecreasingfrom 110 g/L in the first trimester to 105

g/L in guidelines from the CDC(235).

? WHO guidelines 236) continue to use a threshold for ane
mia of 110 g/L.

Serum iron, ferritin, STfR and iron stores.

2 During the secondtrimester the serumiron continuesto fall
asthe transferrin concentrationrises,andafurther decrease
in the serum transferrin saturation is the result Figure 3)
(226).

? Serum ferritin concentrations continueto decrease during
the secondtrimester in British womennot receivingiron sup-
plements (232).

2 In the available studies of sTfR during the second trimester,
concentrationsremained stableor rose somewhat(226,243,
244, 246). Because both functional iron deficiency and in
creased erythropoiesis raise sTfR concentrations, the rela
tive contributi on of the two processes during pregnancy is
uncertain.

2 In some studies, the increase in sTfR during pregnancy
seems more closely associated with erythropoietic activity
(244), but others suggestthat iron deficiencyis the predom-
inant factor (243, 246). With the decrease irSFthe sTfR



index increases during the second trimester426, 246). In
the pregnant women examined in NHANES 1992006,
the proportion with body iron index <0 mg/kg increasedto
14.3% in the second trimester(249).

2 In iron-replete women, erythrocyte protoporphyrin re-
mained within the reference range during the second
trimester (235, 246, 2507253).

Third trimester. As pregnancy moves towardits conclusion, a
number of processes continue with regard to the maternal and
fetal physiologyto meetiron needs;theseare highlighted in Text
Box 22 (223, 233). Again, median concentratios of the princk
pal biomarkers of iron status in Dutch women during the third
trimester of pregnancyare shown in Figure 3. The following de-
scribesaspectsof physiologyrelative to specificiron biomarkers.

Text Box 22

Basics of iron biology in pregnancy: third trimester

AFetal and placental growth, together with expansior
of the red blood cell mass and plasma volume, steadily-
crease to a peak in the latter portion of the thirdrimester.

ATheoverallincreasein the red blood cellmassis, 35%

and in the plasma volume, 50%.
ATheiron requirement rises to 627 mg/d and may be

evenhigher, 10 mg/d, during the last 8 wk of pregnancy
(223).

ATotal iron absorption from a highly bioavailable die
also increases to an estimated 5.0 mg/d2@3), but is still
far below the calalated daily iron requirement.

Hemoglobin.

? The circulating hemoglobin threshold for anemia duringhe
third trimester is 110 g/L in guidelines from both the CDC
(235) and the WHO 236).

2 In women given iron supplements, the hemoglobin concen
tration in the third trimester rises from a nadir near theend
of the secondtrimester but is appreciablylower in thosewho
receive no supplemental iron(254).

Serum iron, ferritin, sTfR and iron stores.

2 During the third trimester, the serum iron falls further as
the transferrin concentration continues to rise, resulting
in a continued decline in the serum transferrin saturation
(Figure 3) (226).

? In the Dutchstudy, SF decreased during the third trimester
(Figure 3) (226) as sTfR increased, resulting in a marked
increase in the TfR index.

2 Asin the secondtrimester, the relative contributions of func-
tional iron deficiency and erythropoietic activity to the in-
crease in STfR have not been determined226, 243, 244,
246).

? In the pregnant women examined in NHANES, 1992006,
the proportion with body iron index <0 mg/kg rose to
29.5% in the third trimester (249).

2 In women supplemented with iron, erythrocyte protopor-
phyrin remains within the reference range during the third
trimester but increases in those with iron deficiency 251,
252).

Postpartum. Median concentrations of the principal biomark
ers of iron status in Dutch women postpartum are shown in
Figure 3. Key points relative to iron biomarkers include the fol
lowing: 1) at 24 h postpartum, the median hemoglobirconcen
tration waslittle changedfrom the third -trimester level but both
fluid shifts andthe extent of blood lossat delivery will determine
individual values;?2) Delivery-associatedinflammation is assoct
ated with increased concentrations ofC-reactive protein (CRP),
hepcidin, ferritin, and the sTfR index 226, 228, 255z7257); 3)
At 24 h postpartum, serum iron, transferin, transferrin satu-
ration, sTfR, and erythrocyte protoporphyrin are little changed
from values in the third trimester (Figure 3); and 4) by 6 wk
postpartum, all the biomarkers of iron status inFigure 3 had
returned to levels not significantly different from those in the
first trimester, with the exceptions of sTfR and the sTfR index,
which remained elevated(226).

Potential biomarkers for maternal and fetal iron status. In
summary,the interpretation ofiron statusbiomarkers at various
stages of pregnancy are derived from measurements in healthy
Westernwomen consideredto beiron sufficient. In generalthey
reflect maternal rather than infant iron status (177, 258). De
termining iron needs by using functional criteria based on the
health of the infant and mother has been advocated as an-al
ternative approach (221,222, 238). It is important to note that
the putative beneficial effectsof improved iron statusfor the in-
fant have been based on comparisortsetween mothers receiv
ing supplementaliron (usually with folic acid) and thosegivena
placebo. The results of this series of observations have been in
consistent in different settings. Nevertheless some studidsave
shown critical functional benefits for the infant (259, 260). It
will be important to correlate the results of current biomarker
measurements during the various stages of pregnancy with the
survival and health of the baby to deermine whether they have
predictive value. The evaluation ofiewer, currently experimen-
tal biomarkers such as serum hepcidin and novel red blood cell
parameters will also be veryvaluable.

Effects of iron deficiency on fetal and infant neurological
development. Three periods of pediatric development are at
increased risk for iron deficiency; the fetus/newborn, children
aged between 6 mo and 2.y, and female adolescents, particu
larly if they becomepregnant. Although eachshow awide range
of motor and cognitive deficits, the first two are the most vul
nerable, with iron deficiency resulting in neurodevelopmental
alterations that persist despite iron repletion (261). Early stud
ies demonstrated that deficits occur iniron deficiency without
anemia (262) or by fetal conditions that are characterized by a
shift of available iron into a polycythemic red blood cell masat
the expense of maintaining brain iron sufficiency 263). These
findings in humans,supported by animal researchin sheep rats,
and monkeys, suggest that iron is prioritized to red blood cells
over other organs, including the brain, during fetal and early
postnatal life (264z266). Thus, screening for iron deficiency by
assessing anemia likely means that the brain has already been
affected prior to diagnosis (267).

In humans, behavioral deficits mapdirectly onto the abnor-
mal brain processes (and their interactions) elucidated from
the animal models (81). These include general reductions in
intelligence, motor abnormalities, including activity levels and
coordination, disrupted sleeppatterns, slower speedof process
ing, altered affect and social interactions, and reduced learning
and memory capacity (81). Longterm persistence of some of
these abnormalities has been documentedto adulthood (268).



Becausdheselong-term abnormalities existin spite of relatively
prompt diagnosis and treatment of anemia, biomarkers that
index brain health indeperdent of red blood cell iron status are
critically needed.

Establishing the functional consequences of the effects of a

nutrient deficiencyon brain developmentcanbe challengingfor
the following reasons:1) nutrient deficiencies frequently have
their most profound effects on the brain when it is in its most
rapid growth trajectory, during the late fetal period and from 0
to 3y of postnatal age(202, 203, 269); 2) functional assessment
ofthe brain attheseagesis difficult becauseof the limited behaw
ioral repertoire of the fetus and young child;3) the effects can
be relatively subtle, often affecting specific neurologic domains
and behaviors rather than gbbal function; and4) common nu
trient deficienciesare rarely fatal and thus tissue-level O B O of |
AEEAAOSs EO 1T £OAT 110 Al

The features of the two general approaches typically used to
assess the brain consequences of eadife nutrient deficiencies
are highlighted in TextBox 23.

Text Box 23

Approaches to evaluating the impact of nutritional insults
on development

A Use of multidisciplinary assessments ranging from
molecular neuroscience through behvior to construct a
plausible biological proof.

-This approach can be driven togdown (i.e., from be
havior to bench science) or bottom up.

-In either case the following are required:1) develop-
mentally appropriate preclinical models;2) physiologi-
cdly appropriate degrees of nutrient deficiency; and
3) a certainty as to the equivalency of animal
behaviorsto human behaviors.

AClinicalstudies:canbeeither observational/treatment
or prevention/supplementation studies.

-Observational studies evaluatedevelopmental out
come when a population with a specific nutrient
deficit is compared to a population without that
specific nu- trient deficit.

AThe assumption is that all confounding variables that
can affect brain development (including other nutrient de
ficiencies) will be equal between groups.

AGiven that nutrient deficiencies tend toco-occur, this
goal can be difficult toachieve.

-Prevention/supplementation studies: the nutrient in
question is supplemented in one group and outcomes
are compared to anonsupplemented control.

AThis approach can be problematic due to issue -af
fecting rigor and reproducibility including, lack of base
line statusassessmentiackof sensitiveandspecificnutrient
biomarkers,andtypesandexpectationsregarding outcome
measuresandtheir relevanceto nutrition or nutrient -brain
interactions.

Human and animal studies strongly support the hypothesis
that early-life iron deficiency alters the brain, bothacutely,
as long as ion deficiency persists, and chronically, well after
iron repletion. A comprehensive review of this topic iswell
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beyond the scope of thispaper. However, several reviews of
the subject are worth considering in order to appreciate the
body of evidence that earlylife iron deficiency is detrimentalto

long-term brain health (77,181, 270z7272).

In considering nutritional interventional studies in children,
the following four key developmental reuroscience principles
must be followed in order to optimize the chances of obtaining
accurate information: 1) timing of the intervention; 2) clarity
regarding level of risk in target populations;3) use of age
appropriate testing tools; and4) ensuring linkage between inr
terventions and assessmentThe key featuresof theseprinciples
are summarized inText Box 24 273z274). The following is a
summary of some additional details about thémplications of
iron deficiency during development.

T
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Text Box 24

Key principles for evaluating neurological outcomes

Timing

AThenutritional intervention mustoccuratatime when
there isademonstrably high demandfor the nutrient in the
developing brain or brain region.

AThe optimal timing for a particular nutrient is most of-
ten elucidated from developmentally appropriate preclint
cal models.

AMust consider whether administration of a supple
ment to a mother eventually results in accretion in the
developing fetal brain (e.g., in considering iron supple
mentation during pregnancy, the driving force would be
demonstration of an effect on irondependent fetal re-
gional brain development) rather than influencing ma
ternal hematologic status (although the two may well
coincide).

Level of risk in target population

AThe target population in the study must have a signif
icant rate or risk of deficiency.

AThere is ro evidence in developmental neuroscience
that further supplementation of any environmental factor
(including nutrients) beyondastate of sufficiencyresultsin
OAT EAT A Adevielophénd E |

Astudy populations cannot have a degree of deficiency
that is sogreat that a relatively low dose intervention has
no effect (273)

Astudy populations should not have deficits of multiple
nutrients that affect brain developmentsuch that it is im-
possible to assess the role of a single nutrient such as iro
(274).

Age-appropriate testing tools

AUseneurodevelopmentaltest batteries that are appro-
DOEAOGA O1 OEA DOi bl OAAatithd(
time that the supplement wasadministered.

AGlobal tests (i.e., Bayley Scales of Infant Developmen
IQtests) are often too genericandfail to detectneurodevel
opmentally important differences in higher brain process
ing, speed of performanceand subtle memory problems.

ANeverthelessglobaltestsaretypically utilized in large-
scalestudiesbecausethey are easily performed acrossmul-
tiple enroliment sites.

AMore specific neural domain tests tend to be techni
cally difficult and may alsobe expensive even though they
may be better designed to assess the specific nutritional
deficit-induced pathology.




AThedegreeof neurodevelopmentaldeficit must be con-
sistent with the effect size seen in the developmentally ap
propriate preclinical models in order not to misattribute a
large effect size to a nutrient that idikely, in fact, to have
a small effect.

Linkage between interventions and assessment

ANeurodevelopmentalassessmenbatteries mustbead-
ministered as close to the intervention as possible iarder
to avoid post-treatment confoundingfactors. Theseinclude
the following:

-Negative environmental (including nutritional) factors
-Positive factors such as neural plasticity in the brain
areas that were initially negatively impacted by thede-

ficiency

The vulnerable period of pregnancy, through infancy and
toddlerhood (181) will be considered separately because the
etiologies of iron deficiency and neurodevelopmental conse
quences difer. In each case the pathophysiology leading to4n
creased risk of iron deficiency, the animal models that support
the hypothesized effects, and the human evidence for the dele
terious neurodevelopmental effects will be examined.

Pathophysiology of iron deficiency in the fetus and
neonate

As detailed above, much is known about the materndétal
transfer of iron. Evidence in humans points to prioritization of
iron to the fetus at the expense of the mother1(76, 177). In
the fetus, evidence from humansZ75,276) and animal models
(264) indicate that interorgan prioritization favors red blood
cells over other organs, including the brain, the heart, and the
liver? in that order (264, 276).

A number of gestational conditions lead to a disruptin of
the balance of fetal iron supply and demand and thus to fetal
brain iron deficiency (277z279). Theseinclude the following: 1)
severe maternal iron deficiency2) placental insufficiency(usu-
ally due to maternal hypertension);3) maternal diabetes melli
tus; and4) maternal smoking.

The first two reduce available iron to the fetus, whereas the
chronic fetal hypoxemia associated with poorly controlled ma
ternal diabetes increases fetalron demand for compensatory

Preclinical models of gestational/lactational iron

deficiency

The degreeof brain iron deficiencyseenin humanautopsyspec
imens has beerachieved in rat models of gestational/neonatal
dietary iron deficiency (186, 187, 191, 285, 286). Similar evi
dence has been provided by genetic mutant nhonanemic mouse
models that isolate the iron deficiency to single brain regions
(209). The totality of this evidence demonstrates the negative
effects of gestational/reonatal iron deficiency on regionabrain
anatomy and function and is summarized imext Box 25 (170,
1847191, 209, 210, 285, 2877292).

Text Box 25

Preclinical evidence of effect of iron deficiency on the brain

AElectrophysiology (190).

AStructure (189, 287).

AMetabolism (185, 288, 289).

ANeurotransmitter concentrations (170, 185, 186,285,
290, 291).

AMyelination (184).

AGene expression187, 188, 209, 292).

AThese regional cellular abnormalitiesare particularly
concentrated in the developing hippocampus and stria
tum andresult in abnormalities in behaviorsdependenton
those regions (70,191, 209, 210).

The affected behaviors of gestational/lactational iron defi
ciency include abnormalities in hippocampusbased learning
and memory (170, 191, 209, 210, 293) and dopaminergically
driven behaviors (170, 294) as would be predicted by the
time/dose/duration paradigm ( 203). These preclinical studies
have demonstrated that the hippocampal, dopaminergic, and
myelin effectspersist beyondthe initial neonataldeficiencyinto
adulthood. It is alsoclearthat only treatment at atime that is de-
velopmentally consistent with the third trimester of pregnancy
is effective in preventing those longterm effects.

Gestational/lactational dietary iron-deficiency anemia irthe
rat has provided a convincing pathophysiologic model of the
human condition. Although the pathology evincedby this model
is dueto reducediron exposure,thesemodelshavebeenunable
to specifically distinguish the role of iron from that of anemia
(or the combination) in neurodevelopment (209).

The essentiality of iron to neurodevelopment was el
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ability (166, 275, 280); for a review, see Nold and Georgieff
(281).

Studies have shown that brain iron concentrations are re
duced by 40% in newborn irondeficient infants of diabetic
mothers (276) and by 33% in newborn intrauterine growth-
restricted infants (282). Looking at ferritin concentrations,65%
of infants of diabetic mothers and 50% of growthrestricted
newborns have a cord SF concentratiof 60 pg/L (277).

Iron in the liver is predominantly in the form of ferritin and
servesasastoragebuffer for the fetus during periods of reduced
iron supply.Nevertheless, in humans, once liver irononcentra-
tions are< 1500 ug/g dry tissueweight, brain iron concentration
falls precipitously (276). Based on data presented by Saarinen
and Siimes £83), a cord SF concentration of 4Qg/L in the
child (275,284) would reflect liver iron concentration indicative
of potential risk for fetal/neonatal brain risk.

genetic mouse models: 1) transgenic mice that express
tetracycline transadivator -regulated, dominant negative
transferrin receptor (DNTfR1) in hippocampal neurons;

2) nonanemic Slclla2(hipp/hipp]double mutant, hippocam
pal neuron-specific knockout of Slc11a2(hipp/hipg) mice (72,
91). In these models iron uptake is disrupted in specific sites
(hippocampus) and at specific time (late gestation). The use
of these models demonstrated both a structural vulnerability
in the hippocampus and a critical period for the povision of
iron, which if missed, results in irreversible longterm neu-
rocognitive, structural, and genomic abnormalities {79, 209).
Functionally, these models show that the loss of learnghand
memory capacity results specifically from the loss dfippocam-
pal neuronal iron uptake 179, 209). The fundamental role
of iron availability in learning and memory is also supporéd
by a dosedependent increase in expression diippocampal



neuronal iron transporters with increasingly difficult memory
tasks (209). These models have also been used to demonstrate
that nonanemic iron deficiency, which is more prevalent in
humans than IDA also disrupts brain development. Thus, the
available evidence indicates that iron is essential for fetal and
early postnatal brain development and function, and that iron
deficiency leads to abnormal brain development and function.

Human studies

The abnamalities documented in preclinical animal models
map directly onto the human behavioral and electrophysiologi
cal abnormalities in iron-deficient newborns,thereby providing

a multilayered plausible biological proof for the important role
of iron in neurodevelopment. The challenge of such studies in
humansis linking measuresof the myriad of structural andfunc-
tion components of the developing nervous system to biomark
AOO T £ EOIT 1 OOOCEOEI T8 4EA -AE
AAOT O0Ohny petkbaiords oOdpecific structures/neural
systemsascomparedto sensitiveand specifichiomarkers ofiron
nutrition/status (295).

Although data on the behavior of the irordeficient new-
born humans is limited, the ex$ting literature strongly impli -
cates nonanemic and anemic iron deficiency in the fetal and
neonatal period as neurodevelopmental risks to precisely the
systems that were rapidly developing at the time of the defi
ciency (284,296z299). Text Box 26 (77,273,294,296,2977
307) highlights some of the extant evidence as well as some of
the bioindicators that have been used.

Text Box 26

Impaired newborn iron status and neurodevelopment

Alnfants with low cord ferritin (< 76 pg/L) were almost
5-fold more likely to score poorly on fine motor skills,
and almost 3fold more likely to have poorer tractability,
poorer languageability, and score worse on every subtest
than children with normal ferritin concentrations at age
5y (296).

ASuggests a critical period for multiple brain processes
in the fetus and neonate.

ASeveral studies have evaluated the imm4 of maternal
iron intervention on general developmental outcome.

-Multiple studies show significant positive findings,
e.g., 299z302).

-Null studies have been reported with ironsupplemen
tation in pregnancy (273).

APositive findings highlight the following:

-The importance of an appropriate dose of iron for
the degree of iron deficiency of the maternafetal dyad
(302).

-The importance of timing of the intervention was ap
parentin asubsequentlarge placebo-controlled supple-
mentation trial in Nepal (302).

Achildren of women originally randomized to placebo
during pregnancyhad poorer outcomes(300). They subse
quently receivedsupplementaliron/folic acid(with or with -
out zinc) from 1to 3y of age.

ANo effect was seen at ageg® y of age on neurocogni
tive (including frontal lobe) testing (302). Thus, postnatal

iron supplementation was unable to counteract the prena
tal effects of lower iron status.

Astudiesof targeted brain areasand functions haveused
OAOAOAT OAEIT ET /AifActhdifuesadtargett
functions in rapidly developing iron-dependent neuralcir-
cuitry) including the following:

-Development of the hippocampus [rapidly developing
in the late fetal/early neonata period in humans and
subserves recognition, e.g., discriminative memory be
havior (303)], ID was associatedwith poor vocalrecog
nition (304).
-The persistence of learning and memoryroblems at
age 3.5 y. Performance was inversely proportional to
iron status at birth (305).
-Monoamine metabolism as reflected by increased risk
O AddnfantAetnpefaibentOpbtantiatyonkdiated by tha de
veloping dopaminergic ystem, has been documented
(297). Thefindings areimportant becauseéemperament
is closely related to monoamine status306). At birth,
infants with iron deficiencywithout anemia(294) show
profound short- and long-term changes in monoamine
metabolism.
-Myelin  formation/function: auditory brainstem
responses were assessed as a reflection of spe
of processing and a potential index of myeli
nation in infants at birth (298, 307). Results
indicated that iron deficiency early in the pe
riod of myelination of the central nervous system
causes slower speed of processing aig myelinated
circuits.

Effects of iron deficiency on infants and toddlers. Accord-
ing to the 200722010 NHANESsurvey,in the United States,
7% of children aged 1z5 y have iron deficiency (308) com-
pared to rates ofIDAIn regions of subSaharanAfrica and
Southeast Asia that exceed 50%. The high rateinfant and
toddler iron deficiency andIDA around the world is due to
multiple coinciding and mutually exacerbating factorg181). As
with the fetus and neonate, iron requirements ardigh because
of the rapid rate of somaticgrowth. Thered blood cell masscon-
tinuesto increasewith somaticgrowth andaccountsfor the vast
majority of total body iron demand (as hemoglobin),and also
myoglobin in growing muscles.In addition, any rapidly grow-
ing and differentiating organ, such as the brain, witontinue to
havehigh demands.Tomeetthis demand,the child relies on mo-
bilizing iron presentasferritin andthe (relatively) expandedred
blood cell mass at birth, and from postnatal dietaryiron intake.
Infants with low iron storesat birth are at greater risk for lower
stores at 9 mo of age;that risk is directly proportional to the
rate of growth between birth and 9 mo (309). The gestational
conditions that lead to low neonatal iron stores are discussed
elsewhere.

During the postnatal and infancy period the sources of di
etary iron include various infant feeding options (e.g., human
milk, formula, animal milk), complementary foods (e.g., animal
meat protein, wet- and dry-pack cereals), leading eventually to
a mixed diet as available within the household. Throughouhis
period infants/children mayalsobeexposedo iron supplements
with or without micronutrients (310).

As in adults, iron utilization from these sources can be
enhanced by ascorbic acid and inhibited by phytates and



polyphenolic compounds (e.g., tea, coffee) in the dietvorld-
wide, two significant pathologies contribute to the common
occurrence of negativeiron balance: blood loss from intesti
nal (usually parasitic) infections and the hepcidinmediated
ACD/inflammation which limits iron absorption during periods
of infection and inflammation (181).

Unlike the fetus andneonate, there are no studies thaquan-
tify the degree of brain iron deficiency in ironrdeficient anemic
infants or toddlers. Similarly, no studiesaddresswhether iron is
prioritized to red blood cellsover the developingbrain asoccurs
in the fetus and neonate.The presenceof behavioral abnormali-
tiesin nonanemiciron-deficient children suggestshowever,that
this may well be the cas€262).

Preclinical models of postnatal dietary iron deficiency. Vir-
tually all preclinical studies that induce iron deficiency in the
postweaningperiod (i.e.,21 d after birth in the rat) are designed

to simulate IDAin humans after 1 y of age. These models have

been used to demonstrate longerm effects on the monoamin
ergic and nyelin systems that persist into adulthood even af
ter remediation of iron deficiency. Alterations in these systems
have been linked to functional abnormalities in neural circuits
that regulate mood, affect, socidbehavior, motor behavior, and
speed of pocessing (81). In summary, preclinical models pro-
vide mechanisticevidenceto explain how postnatal dietary iron
deficiencyaffectsbrain developmentand related functional out-
comes.TextBox 27 (1817183, 186, 1897191, 298, 307, 3117
325) contains a summary of knowledge gained from preclinical
studies of iron deficiency.

Text Box 27

Preclinical evidence of functional consequences: infants
and toddlers

Monoamine

AThrough its role in the activity of tyrosine hydrox-
ylase and tryptophan hydroxylase, iron is responsible for
the synthesisof dopamineand serotonin, respectively (186,
311).

Alron deficiencyreducesthe concentration of dopamine
D2 receptors in the ventral midbrain and prefrontalcortex
(312).

Astudieshavesuggestedhat nonanemiciron deficiency
is arisk to brain developmentand function (313).

A Behavioral abnormalities in preclinical models are
consistent with disruptions of dopaminergic pathwaysand
mapwell onto the behavioralfindings in humans(181,191,
312,314, 315).

A Studies in nonhuman primate models have docu
mented the following differencesin outcomesbasedon the
timing of iron deficiency:

-Prenatal iron deficiency in the rhesus monkey results
in a behavioral phenotype of hyperactivity and lack of
inhibitory control.

-Postnatal iron deficiency results in a hesitant, wary
phenotype (3167318).

AGiven the role of specific irorsensitive areas of the
brain and the role of the dopamine system in mediating
activity and anxiety (319), the preclinical studies strongly
support the hypothesis that an irordopamine link under-

lies the motor activity and anxiety behaviors seen in iron
deficient children (315, 320, 321).

Myelin

Alron is an essentialfactor in myelination and oligoden-
drocyte function via its rolein:

-Fatty acid incorporation into myelin
-Oligodendrocyte proliferation (183, 322, 323)

Alron deficiency may affect oligodendroglia synthesis
of myelin via cellular mitochondrial dysfunction caused by
reduction of cytochrome concentrations (82, 323).

Alron deficiencyin the preweaningand postweaningpe-
riods alters myelination in the rat, as demonstratedby:

-Reduced 2,3cyclic nucleotide-3-phophohydrolase
(CNPase) activity

-25735% reduction in myelin basic protein concentra
tions (324)

A Abnormalities in myelination observed in these rat
models may be the underlying abnormalities in neural
speedof processingthat canexplainthe auditory brainstem
evoked responses 298, 307) and visual evoled responses
(325) reported in iron-deficient children.

Cellular energetics and mitochondrial health

Astudies have established that iron exerts its influence
through its incorporation into cytochromes (182).

ANeurons (and glia) havehigh metabolic rates during
development, and thus are sensitive to reductions in iron
supply (286, 323).

ANeuronaliron deficiencyresultsin changesn dendrite
structure (189) and lower electrical output (190)? both
are associated with poorer synaptic efficacy and memory
deficits. As noted above, irordeficient oligodendrocytes
generate less myelin and also myelinith abnormal fatty
acid profiles (323, 324).

Human studies. A number of systematic review and data anal
yses have been reported recentlyd70z272). Of particular rel
evance is the series on risk factors to early childhood develep
ment in The Lancetoriginally published in 2007 and updated
in 2011 (271, 272).

Studies of the effect &€ BT OOT AOAI
neurodevelopment fall into two categories;

EOT T

1) Larger-scale populationbased studies that typically as
sesggeneraloutcomeofobservation/treatment trials and
prevention/supplementation trials irrespective of initial
iron status.

A Prevention/supplementation trials are more likely to
have null or small effectsize results with respect to an
swering the question of whether early life iron deficiency
causes neurodevelopmental abnormalities because the
sample populationsare unselected.

A Smalleffectsizesin suchanunselectedgroup of subjects
should be considered as evidence for a biologically rele
vant effect.

2) Smaller-scale studies designed to elucidate the role of
iron in specificneurobehavioralabnormalities predicted
from preclinical models.

Overall, 20 of the 22 studies reviewed in the twd.ancet
papers showed poorer functioning on general tests of ceg
nition, motor, and socialemotional capacity in children with

A A EE



iron-deficiency anemia @71z272). The consistency of this fine
ing across many study designs from multiple populations
around the world suggests a robust effect.

In infants, toddlers, and young children, general functioning
istypically assessedvith broad-basedstandardizedtestssuchas
the following: 1) Bayley Scales of Infant Developmentthese
provide information about mental and motor outcomes, each
normed to a mean of 100 with an SD of 1%) neuropatho-
logically specific tests can be behavioral or involve somiype
of neuroimaging, and can include electrophysiology to assess
sociatemotional function, speed of central neural processing,
learning andmemory,and complexbehaviors.

Both approaches can assess acute (i.e., while iron deficient)
and longterm (ie, after treatment and resolution) effects.

A number of studies have explored the effect dDA on gen
eral function. Some of the key findings are summarized as fol
lows: 1) six observational/treatment studies of otherwise welk
nourished infants with IDA showed that iron-deficient infants
scored 6715 points lower on mental developmental indexes
compared to iron-sufficient, nonanemic controls 326z331); 2)
five of the studies showed a lower mair index with a similar
effectsize (3267329, 331); 3) recovery of neurobehavioral func-
tion with treatment was seenin two of the six studies(326,328),
but not in the others;4) in one of the cohorts followed for the
longest period of time (19 y), loss of IQ was noted over time
from 1y to age 19. The slope of this loss was greaterdhildren
who were chronically iron deficient between 12 mo and 3y or
who did not correct their hematology within 3 mo of therapy
(181); 5) the results imply that critical periods of neurodevet
opment exist that are dependent on iro sufficiency, a finding
supported by the preclinical models.

Selectedstudies of the effectof acute IDA on pathophysiolog-
ically plausible regional brain circuitry are highlighted in Text
Box 28 09, 211,262, 3327336).

Text Box 28

Effect of iron deficiency and IDA on regional brain circuitry

ADopaminergic systems: spontaneous eye blink rate, &
dopaminergic function, was assessed in 19 iredeficient
anemic 10-mo-olds (332).

-Compared to ironsufficient controls and nonanemic
iron-deficient infants, theiron-deficient anemic infants
had significantly slower eyeblink rates,consistentwith
reduced dopaminefunction.

-A significant doseresponse relationship between
socialemotional behavioral abnormalities and the de
gree of iron deficiency existsInfants with IDA have
poorer soothability, less positive affect, and less social
engagement than ironsufficient infants, with nonane-
mic iron-deficient infants demonstrating intermediate
degrees of abnormalities 262).

AHippocampus: electrophysiological evidence of hip
pocampal dysfunction was provided in a study of 9to 12-
mo-old infants with IDAand iron-sufficient controls (333).

-In amaternal facerecognition paradigm,iron -deficient
anemic infants showed a maturational delay in recog
nition memory (333).

-Part of the effect was mediated by socisgmotional
status of the infants, consistent with the role of

dopamine in hippocampusdependent memory fune
tion. These effects suggest that iron deficiency cause
hippocampal dysfunction during a period of rapid hip
pocampal development that extends from birth to 18
mo of age in the human.

-These observations areconsistent with preclinical
model studies that demonstrated that iron is essential
for normal hippocampal neuronal development, and
normal learning and memory function 09).

ABehavioraltaskswere usedto assessecognition mem-
ory.

-In 28 IDA, 28 irondeficient and 21 iron-sufficient 9-
mo-olds (334).

-IDA infants showed poorer object permanence and
short-term memory than iron-sufficient infants.
-Iron-deficient infants demonstrated intermediateper-
formance to the other two groups, suggesting a dose
response effect based on iron status.

A Electrophysiology: auditory brainstem evoked re
sponses were utilized to assess the effect #DA on speed
of central neural processing in 29IDA 6-mo-olds and 26
iron-sufficient controls (325).

Centralconduction time waslonger in the iron-deficient
infants, indicating slower processingspeed.

Because the delays were morprominent at 1-, 2-, and
4-y follow up (325), the authors concluded that the effect
likely wasapermanentalteration in aprimary processsuch
as myelination, rather than a developmentatielay.

AElectrophysiology: visual evoked potentials were used
in 25 IDA compared to 25 iron-sufficient toddlers aged 6
to 24 mo (335).

Demonstrated longer latencies on visual evoked re
sponses in IDA infants

A doseresponse effect was shown between the dura
tion of latency delay and the degree dDA.The data from
the preclinical studiesconfirm significant alterations in the
myelination process with iron deficiency (211).

Because a period of rapid myelination exists between
36 wk gestation and 2 y in humans, the findings suggest g
vulnerable period precisely at the time that infants are at
risk of iron deficiency (336).

Prevention and supplementation trials. Results from pre
vention/supplementation trials indicate a modest, but positive
effect of iron supplementation on neurodevelopment. As noted
above, a systematic review of these types of trials would be
expected to slow variability in response because of several
factorsthat determine nutrient -brain interactions during devel
opment. When enrolling unselected (for iron deficiency) sub
jects, the baseline rate of iron deficiency, the severity of iron
deficiency, the tming of intervention, the dose of the interven
tion relative to the degree of deficiency and the selection of the
proper bioindicator of neurodevelopment relative to the stage
of brain development when the deficiency occurred, all become
relevant factors in whether an effectwill or will not be seen.

At least seven trials of postnatal iron supplementation of
fer useful data and are characterized as followst) two were
conducted in developed countries 837, 338); 2) five were con
ducted in developing countries 839z343); 3) the trials did
not have the same study designs,in that other risk factors to



neurodevelopment (stunting, other micronutrient deficiencies,
etc.) were present in four of the five trials set in developing
countries; 4) supplementation in some trials was with a mult

micronutrient preparation, making isolation of the role of iron

in any findings more problematic; and5) the risk of iron defi-

ciencyalsovaried widely, evenin the two trials in the developed

country settings.

In spite of thesedifferences,all the trials in developing coun-
tries (where in some cohorts the risk ofiron deficiency was
high and the degree of iron deficiency when present was large)
reported improved motor outcomes with iron supplementation
(339z343), as did one trial in a highrisk population in a de-
veloped country, England (338). Better cognitive/language out
comeswere presentin two studies(342,343), whereasimproved
sociatemotional developmentwasseenin three (340,341,343).
Long-term follow-up of these cohorts will determine whether
these benefitsare sustained.

Given its important roles in cellular metabolic processes, it
should not be surprising that an irondeficient brain does not
perform optimally. Of greater concern are the longerm mor-
bidities conferred by early-life iron deficiency and the consis
tent finding that prompt treatment of early-life iron deficiency
does not prevent longterm disability (in humans or in ani-
mal models). This failure to completely recover from brain iron
deficiency is unlike the finding in red blood cells,where
treatment resolves anemia with no apparent longerm conse
guences. Additional aspects of the impact of early iron defi
ciency on brain biology and human behavior are addressed be
low.

From aneurodevelopmentperspective,the failure to achieve
normal development after early iron deficiency suggests that
critical periods of brain development have been missed and
structure is permanently altered. Moreover, long-term dysreg-
ulation of critical synaptic and myelin gene expression in dam
agedareassuggeststhe possibility that early-life iron deficiency
may exert epigenetic effects 187, 292). The longterm behaw-
ioral abnormalities of formerly iron -deficient humans are com
plex and canfirm the ultimate interaction of altered major cen
tral nervous systemprocessesand brain regionsaffectedby iron
status during development.

Iron is likely involved in many more biological processes in
the developing brain than are currently recognizedOne exam
ple might be the role of iron in the regulation of longterm gene
expression (187, 292). While future research will undoubtedly
add further evidence to the importance of iron, ourcurrent un-
derstanding presentsan undeniable picture of its essentiality to
healthy brain development. The key task from both a clinical
and programmatic perspective is to use this knowledge to de
velop better tools for providing careand programs that address
the importance of iron not just from a survival perspective but
with an acknowledgment of its critical role in human develop
ment (34408 O4EAOA EO 11
ment of young children with IDA has an effect on psychomotor
development or cognitive function within 30 days after com
mencement oftherapy. The effect of longerterm treatment re-

[ AET O OB4A) Thldrk of 4 consistent response to iron
therapy oncelDAis present is consistent with the premise that
prevention of IDAin the first place or earlier identification and
treatment may be necessary to recover neural function acutely
and prevent longterm effects.

Potential biomarkers for iron status during fetal and in-
fant development. As discussed in detail above, iron dis
tribution is markedly different in early human development

compared to toddlers, children, and adults. Some key features
of fetal/neonatal iron as they pertain specificaly to assessment
are highlighted in Text Box 29 278, 345, 346).

Text Box 29

Key aspectsof iron status during fetal and neonatal periods

ATransplacental iron transport to the fetus is highesin
the third trimester, averagingl.35mg/kg fetal body weight
per day (346).

A Fetal body iron reaches 75 mg/kg (7@80% in
hemoglobin, 10% in myoglobin and tissue enzymes, ai
10z15% in stores).

Evidence for biomarkers

AArise in SFfrom amedianvalueof . 45 pg/L at14z716
wk to > 100 ug/L at 39 wk has been observed346).

ASerum iron and TIBC values also rise whereas ZPF
is inversely correlated with gestational age.

AOn the other hand, sTfR levels do not appear to
correlated with gestational age(278).

AFetalhemoglobinis replacedby adult hemoglobin dur-
ing the first 6 mo oflife.

A Iron is transferred from RBC containing fetal
hemoglobin to the storage compartment and then reuti
lized for the synthesis of adulthemoglobin.

Aln a study of 573 normal infants and children, a mx
dian SF concentration of 101ug/L was reported at birth,
rising to 356 pg/L at 1 mo andthen rapidly falling to

. 30 pg/L at 6211 mo (345).

Thebiomarkers employedfor evaluatingiron statusin adults
have been measured in the umbilical cord blood of premature
and full-term infants (Table 4) (277, 278, 3462348). However,
the studies contain relatively limited sample sizes and theal-
ues reported, although qualitatively similar, are generally not
consistent. Thus, infants are relatively polycythemic and have
high iron stores at birth, but become critically dependent on an
adequate supply of dietary iron by 46 mo. This dynamic flx
between the red blood cells and stores makes it very difficult to
estimate iron status precisely.

Screeningfor iron deficiencyin the neonateandinfant has,in
the past,beenfocusedon the relationship betweenmaternal and
infant iron status and the prevention of anemia in early child
hood. Although these studies do address important aspects of
iron nutrition, they may fail to identify critical facets of neuro-
logic dysfunction because anemia is the enstage state ofiron
deficiency.

The developingbrain cansuffer the consequence®firon de-

AT 1 OET-A Eficiéncy k theabdehcdfanedig Fidritiz&tionl of avaladldirdnd

to developing red blood cells over other tissues duringegative
iron balance has been reported in developinpumans and ani
mal models as well as infants born to diabetic mothers and -af
ter intrauterine hypoxemia and erythropoietin administration
(264,275,276, 349, 350). Brain iron deficiency, independent of
anemia, is responsible for longerm neurological deficits (179,
209, 351). Thus, early detection (and prompt treatment) ofron
deficiency-inducedbrain dysfunction should bethe primary goal
of screening for earlylife iron deficiency (Table 5) (181, 268,
352).

A need exists to generate serum biomarkers indexing brain
dysfunction in the pre-anemic stage of iron deficiency when it



TABLE 4 Reported biomarker values for umbilical cord bléod

Biomarker 26¢28 wk 29¢31 wk 32¢36 wk 37¢41 wk Reference
SFug/L 75 (44117) T 90 (45,142) 171 (12%259) Sweet et al.Z78)
131(90¢238) Sweet et al.347)
134 (4@310) Chockalingam et dR77)
101 Siimes et al.346)
sTfRug/dL 10.3 (7.516.5) T 8.2 (5.412.5) 8.4(6.4¢10.6) Sweet et al.347)
9.4 (6.%£10.8) Sweet et al.Z78)
ZPP/Humol/mol 122+ 34 103+ 18 122+ 34 T Juul et al. 348

lvalues are medians (ranges) or means$Ds. SF, serum ferritin; sTfR, serum transferrin receptor; ZPP/H, zinc protoporphyrin/heme ratio.

is still possible to reverse it with iron treatment. Development
of such tools relies on knowing the relationship betweercur-
rently available biomarkers and brain iron status, or bioindt
cators reflecting iron-dependent brain function. Such tools do
not currently exist (other than perhaps in the neonate) because
brain iron status is typically unknown in atrisk children. MRI,
while sensitive enough to measure brain pathology and relate
it to iron overload (353), is not sersitive or specific enough to
detect brain iron deficiency.

of such anapproach it is unlikely that using lumbar puncture to
diagnose brain iron deficiency in humans will become a clinical
tool.

Given the current inability to directly assess brain iron sta
tus in infants and children, attempts have been made to relate
classical hematologic [e.g., hemoglobin, Hct, mean corpuscular
volume (MCV)] and nonhematologic (e.g., ferritin, TSAT, ZPP,
sTfR) indicators to putative brain iron status (as indexed by ab
normal neurobehavior).

4EA APDPI EAAOGEIN N EAMM APDBXHIADKE AdTodptd 8vQ des oftafpfoaches have been used link iron

teomic, metabalomic analyses) have enabled identification of
potential indicators in the cerebrospinal fluid that can index
brain iron deficiency in nonhuman primates 854, 355), but no
studieshaveassesseduchpotential biomarkersin cerebrospinal
fluid in humans.Becauseof the obviousrisk and invasive nature

TABLE 5 Assessment tools for neurological function

to brain function/outcomes: 1) population-based ironbiomark-
ers linked to neurological outcomes; or2) studies in neonates
that attempt to more directly link peripheral iron biomarkers to
brain iron content. Examples of these approaches aradluded
in TextBox 30 (262,276,283, 284,296, 343,349, 3567358).

Iron-dependent Applicability
Assessment Modality neurologic process Behaviorconstruct Other nutrients for field use Comment
Sensory evoked Electrophysiology ~ Myelination, synaptic Speed of processing Oxygen, iodine No Sensitive; rapid; nee
response (ABR, efficacy (infection) equipment
VEP)
Eventrelated Electrophysiology ~ Myelination, hippocampal Speed of processing; Glucose, protein, No Very sensitive, not
potentials integrity, synaptic efficacy ~ recognition memory; implicit  oxygen, zinc, iodine portable
memory
T2weighted MRI Neuroimaging Iron content None None No Detects overload, bt
not ID
Standardized tests Behavior Myelination, synaptic Globalfunction (integration  Protein, fat, oxygen,  Yes Nonspecific; not
(e.g., Bayley efficacy, monoamine status  of effects of braiwideiron ~ glucose, iodine sensitive
scales) deficiency)
A, not B Behavior Synaptic efficacy; Working memory Zinc, iodine Yes Trained tester
monoamines
Actigraph Physiology Monoamines Spontaneous motor activit  Protein, copper, iodine  Yes Trained interpreter
Socialemotional Behavior; survey Monoamines Frontal lobe Copper, iodine Yes Trained interpreter
behavior scale
INFANIB Physical exam Myelination Global Oxygen, iodine Yes T
(infection)
Peabody Behavior Myelination monoamines  Gross and finenotor Protein, fat, oxygen,  Yes Nonspecific
developmental glucose, iodine
motor scale
Optotrak Behavior Myelination monoamines  Motor response Oxygen, iodine No Equipment and

trained interpreter

1ABR, auditory brainstem response; ID, iron deficiency; VEP, visual evoked potential.



Text Box 30

Studies linking population
neurological outcomes

APopulation cutoffs for hemoglobin, Hct, and MCV
were used in seminal early papers that demonstrated ab
normal brain function asa function of IDA (343, 356).

AlLozoff et al. (262) chose to define nonanemic iron
deficiency ash2 abnormal nonhematologic values in the
context of a normal hemoglobin concentration and related
nonanemic iron deficiency to poorer neurobehavioraper-
formance.

AlIn none of these studies wa it clear whether the re
lationship of these peripherally measured biomarkers to
brain iron is linear or reflects a threshold for adverse out
comes.

ANo studies have assessed the positive or negatipee-
dictive value of specific cutoffs for thesemarkers.

Studies in neonates: peripheral biomarkers and neuro-
logical outcomes

A An autopsy study of nonanemic newborn infants
demonstrated that a threshold response of brain iron con
centration as a function of liver iron concentration oe
curred when liver iron was < 10% of normal (276), a find-
ing recently confirmed in the neonatal lamh(349).

Acalculations were made from a nomogram published
by Saarinen and Siimes283) relating SF concentrations
to liver iron content to predict that the threshold ferritin
concentration for brain iron deficiency in the neonate was
35 ug/L (284).

AThis value wastested asacut-off to determine whether
it predicted brain function in neonates and was found to
differentiate those with normal recognition memory from
those with impaired recognition memory (284).

AAbnormalities in acute and longterm brain function
have also ben documented in neonates with cord blood
ferritin concentrations < 76 pg/L (i.e., the lowest quartile)
(296, 357), suggestingthat eventheseneonatalferritin cut-
offs are not reliable. Thedata also serve to emphasize that
the 5th percentile cutoff for a population biomarker may
not represent the level at which neurologic dysfunction
occurs.

ARecently,ZPP/H> 118 umol/mol cut-off in cord blood
was associated with abnormal recognition memoryask at
2 mo (358).

A No other hematologic or nonhematologic marker
measured in the peripheral blood or serum has been as
sessed with respect to brain ironcontent.

AWhether a similar association, either linear or thresh
old, with any of the common hematological indexes d@ron
panel measures is present beyond the newborn periodas
yet to determined.

-based biomarker cut -offs to

Future research should concentrate on matching currently
available biomarkers of iron status with the time frames for
the development of iron-dependent neural systems for which
functional tests are available, e.g. myelination and monoamine
driven behaviors. Examples of potentially relevant tests of neu
rological function are listed in Table 5. Because prevention of
brain iron deficiencyis the goal,the changesn the screeningtool
ideally should occur before the onset of brain iron deficiency

andthe clinical diagnosisof neurobehavioral effectsdueto brain
iron deficiency.Changes in thesdioindicators of brain function
would likely occur well before the onset of anemia. Diagnosaf
brain iron deficiency can currently only be inferred clinicallyby
alterations to behaviors that are dependent on iron deficiency
(Table5). Although these behaviors are not specific to irodefi-
ciency,if they are present within the context of supporting ewv
dence oflDA,they can be presumed to be due tioon-deficiency
effects on the brain(Table 5). Myelination affects the speed of
neurological processing and can be measured through sensory
evokedresponses(typically auditory brain stemresponsesor vi-
sual evoked potentials). A continued search for novel biomark
ersandalternative approacheso understandingtherelationship
betweennutritional iron statusduring pregnancyin infancy and
early childhood is alsoessential.

Effect of iron deficiency on work/exercise capacity. The

relationship between iron deficiency and work capacity was
analyzed in depth in two critical reviews that included both
animal experiments and studies in human volunteers written
by Haas and Brownlie 859) and McClung andMurray-Kolb

(360). They evaluatedaerobic capacity,endurance energeticef-

ficiency, voluntary activity, and economic productivity. The fol

lowing is a brief summary of their conclusions.

Aerobic capacity. Laboratory experiments in animals demon
strated that hemoglobin values were inversely correlated with
aerobic capacity. The severity of the anemia had a direct pro
portional effect,that wasgreater oncethe hemoglobinfell below
70 g/L. Laboratory studies in human volunteers yielded similar
results, demonstrating a strongcausal relationship betweerthe
severity of IDA and aerobic capacity. Iron deficiency without
anemia did not affect aerobic capacity. Field studies provided
further support for a causal relationship betweenIDA and aer-
obic capacity in manual laborerq359, 360).

Endurance capacity (maximum length of time a given
workload can be sustained). Studies using the rat as the
experimental model suggest that although aerobic capacity is
primarily dependent on hemoglobin concentration, effects on
endurance are mediated at least in part by reduced oxidative
capacity due to tissue iron deficiency 361, 362). A small
number of human experiments were,however,inconsistentand
failed to provide convincing evidence of an effect of tissue iron
deficiency on endurance capacity. Haas and Brownlie3%9)
suggestthat the discrepancybetweenanimal and humanstudies
may well be attributed to experimental design.

Energetic efficiency (amount of physiological energy re-
quired to perform a specified amount of work). In the lab-
oratory, energyexpenditure is measuredby indirect calorimetry
and work by the use of areadmill or a cycle ergometer. Field
studies employ practical surrogate parameters, such as heart
rate and tasks completed. Haas and Brownlie359) concluded
that two of three human laboratory studies demonstrated that
iron deficiency impairs energetic efficiency even in the absence
of anemia.

Voluntary activity and economic productivity. A limited
number of human laboratory experiments, as well as two field
studies, suggested that iron deficiency with or without anemia
might have an important influence on human behavior that
could impact critical social activities such as childcare. Based
on published models (363z365), food fortification with iron is



predicted to haveanimportant beneficial economicinfluence at
the population level,but this hasyet to betestedin humantrials.

At least one report published after the reviews of Haasand

Brownlie and McClung and MurrayKolb supports their
conclusions 366). Most of the studies involvedtrained ath-
letes.Iron supplementation of nonanemiciron-deficient women
(SF< 20 pg/L) improved muscle function (attenuation of the
rate of decreasein maximal voluntary static quadriceps con-
tractions) (367). Iron deficiency(sTfR> 8.0mg/L) without ane-
mia impaired aerobic adaptation and endurance capacity un-
trained womenwho participated in anaerobictraining program
employing cycle ergometers 868, 369). Iron-depleted (SF< 20
pg/L) competitive nonanemic female rowers were reported to
be slower than those with normal iron stores(370). Iron sup-
plementation improved energetic efficiency 871).

In summary, IDA has a profound negative effect on work
capacity. Fortification with iron and other micronutrients may
provide significant economic benefits for individuals and soei
eties (363, 365).

Biomarkers of iron deficiency for evaluating effects on
work capacity. It is evident that iron deficiencyassociated with
anemia may impair physical activity by affecting oxygen deliv
ery and oxidative capacity resulting from iron deficiency at the
tissue level. The reported studies have used the described be
low biomarkers that are applied to the evaluationof anemia.
The principles that have been discussed in evaluating anemia
should be applicable to exercise capacity. It will be necessaxy
develop specific criteria that ensure both adequate hemoglobin
levels and tissue ironsufficiency.

Iron deficiency in relation to iodine utilization and thy-
roid function. lodine deficiency, like iron deficiency, is a major
global public health problem and many women and children,
especially in the developing world, are at risk of both goiter
andiron-deficiency anemia.lron deficiencywith or without ane-
mia canhaveadverseeffectson thyroid metabolismand cande-
crease the production of thyroid hormones. As discussed in the
BOND iodine review ), iron deficiency is likely to exacerbate
iodine-deficiency disorders that includegoiter, hypothyroidism,
impaired mental function, and cretinism.

The influence of iron deficiency has been evaluated in rela
tion to goiter and poor tolerance to cold (a symptom of hy
pothyroidism). In iron-deficient populations, it has been shown
that the efficacy of iodized oil or iodized salt programs to pre
vent goiter can be blunted, and that the regulation of body tem
perature on cold exposurecanbe impaired. Zimmermann (372)
has reviewed in depth the influence of iron status on iodine i
lization and thyroid function. A brief summary follows.

Mechanism of impairment in thyroid function in iron defi-
ciency. Humans 373) and rats (374) with IDA have decreased

Iron deficiency decreases the efficacy of iodine supple-
mentation. Supplemental iodine is less efficiently utilized for
thyroid hormone synthesiswhen apopulation hasa high preva-
lence of iron deficiency. Zimmermann et al.378) evaluated the
response to supplemental iodine in 109 goitrous children aged
6zp¢ U ET OEA
mic at the start of the study whereas 56 suffered fromDA
[hemoglobin (Hb) <110 g/L and SF<12 pg/L or sTfR >8.5
mg/L andZPP> 40 umol/mol heme].Eachchild receivedanoral
daily dose of 200 mg | as iodized oil for 30 wk. The prevalence
of goiter at 30 wk was 12% in the nonanemic group and 64%
in those with iron-deficiency anemia. T4 levels were alssignif-
icantly higher in the nonanemic group at 30 wk. This study was
extended by providing an iron supplement (60 mg Fe as Fe$O
4 times/wk for 12 wk) to the children who suffered from iron-
deficiency anemia at baseline. The iron supplement corrected
the IDA in 50/56 children with IDA and the prevalence of goi
ter at 65 wk was reduced to 20% 91). Smilarly, in a 9-mo for-
tification trial in goitrous Moroccan children comparing dual
fortified salt containing both iodine and iron with iodized salt
alone (379), a significantly greater reduction in thyroid volume
and improvement in thyroid function was found in the group
receiving iron with the iodine. The prevalence of goiter and hy
pothyroidism was significantly decreased in the children con
suming the dualfortified salt compared to those receiving the
iodized salt. Theseresults suggestthat a high prevalenceof iron
deficiency in populations with endemic goiter will decrease the
effectiveness of many national iodized safprograms.

Iron deficiency decreases thermoregulation in response to
cold exposure. The initial studies on thyroid metabolism in
iron-deficient rats focused on thermoregulation. Rats with iron
deficiency anemia were shown to have lower T3 and T4 lev
els than controls, and the normal increase in T3 and T4 seen
in iron-sufficient rats exposed to old (4°C) was not found in
rats with IDA (374). Lower T3 and T4 levels, and lower rec
tal temperatures, were also reported in anemic women373);
however, when nonanemic and anemic women ere subjected
to a cold stress, involving moving from a bath at 3& to one
at 28°C for 100 min, there was no difference in the response
of thyroid hormonesor rectal temperature. Treating the anemic
women for 12 wk with iron supplements corrected the anemia,
improved the rectal temperature at 100 min, and partiallycor-
rected the thyroid hormone levels. It is likely therefore that in
severe cold, individuals with iron deficiency anemia will hae
more difficulty in maintaining body temperature and a reduced
ability to tolerate cold.

Biomarkers of iron deficiency for evaluating effects on io-
dine utilization and thyroid function. The reported studies
used the biomarkers that are applied to theevaluation of ane
miaasdiscussedelsewhere.Thelimited evidenceavailableatthe

plasma T3 and T4 concentrations due to decreased levels of presenttime suggestghat they will be suitablefor evaluatingthe

thyroperoxidase, a heme enzyme that catalyzes the iodination
of thyroglobulin and the coupling of the iodotyrosine residues
(93). These are the two initial steps of thyroid hormone syn
thesis. Other mechanisms explaining how iron deficiency could
impair thyroid status have also been proposed. They includs-
terations to the thyroid hormone feedback systm (375), which
responds to low plasma levels of T3 and T4, lower transforma
tion of T4 to T3 in the peripheral tissue due to decreased5'-
hepatic deiodinase activity 376), and nonspecifically through
anemia and lower oxygen transport 877).

effects of iron status on thyroid function.However, further re-
search is needed to define adequatend optimal iron status for
normal iodine utilization and thyroid function.

Morbidity related to infectious diseases. As highlighted in
TextBox 31, infectious diseases continue to be a major scourge
of the global community @80). Although a comprehensive dis
cussion of all infectious disease is beyond the scope of this-re
view, it is clear that the current landscape with regard to iron
and global health is complicated by a number of core issues
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Text Box 31
Annual deaths (in millions)
Disease Deaths
Respiratoninfections 3.9
Malaria 1.3¢3.0
HIV/AIDS 25
Diarrhealdiseases 1.8
Tuberculosis 1.7
Neglectedropicaldiseases 0.5

Source: Center for Strategic atternational Studies (CSISB0).

While HIV/AIDS, tuberculosis (TB), and malaria account for
16% of global mortality (381), a significant amount of at
tention has been given to the relationships between iron status,
interventions, and malaria, primarily stimulated by a large ran
domized clinical trial of iron supplementation in children (382).
The core issues are as followg) the need to understand the
mechanisms to explain increased risk for morbidity and mor
tality associated with iron supplementation;2) how to assess
nutritional iron status in the context of infection and inflam-
mation; and 3) the relative risk-benefit associated with various
intervention options to prevent and treat nutritional iron defi -
ciency in the context of infections including malariag83, 384).
The challenges associated with malaria exemplify some core is
sues common to all infections and are illustrative of the key s
sues with regard to biomarkers of iron in this context.

A review of the literature related to iron nutrition and these
diseass reveals several challenges to our ability to draw cen
clusions about a specific role of iron nutrition, or to develop
and implement safe and effective interventions to address iron
nutrition in these conditions.

Severalrecentstudieshaveexplored the connectionbetween
HIV infection, anemia, and nutritional iron status 885z388).
Kerkhoff et al. 385) assessed iron status, including the mea
surement of hegidin levels, and reported that patientssur-
veyed suffered predominantly fromACDrather than IDA. Diouf
et al. (386) reported that diets containing micronutrient-
fortified lipid -based supplement improved anemia based on
measurementof hemoglobin; however,they did not include spe-
cific biomarkers of nutritional iron status. Zinc deficiency was
highly prevalent in this study cohort but the intervention did
not improve status despitereachingintake levelscomparableto
DR. Widen et al. (387) reported that antiretroviral therapy was
associated with anemia and changes in iron biomarkers (sTfR).
In a large observational study of HIMnfected adults in Tan
zania, Petraro et al. 88) reported a high prevalence of ane
mia and identified numerousindependentrisk factorsincluding
BMI, CD4 count, and antiretrovirattherapy. These authors dis
AOOOAAAKOERONEAT AU AT AT EAho6 Ad O
anemia were hemoglobin andVICV with no other iron -specific
biomarkers nor any assessment of irorexposure.

In sum, these results reinforce the challenges of addressing
iron nutrition in the context of infectious diseases. Fundamen
tally, there are several core concernsthat canbe categorizedinto
the following questions:

1) Our ability to determine whether biomarkers used to as
sessiron nutritional statusreflectiron nutrition or aphys-
iological response to the condition(s) in question. How
doesthe presenceof inflammation (acute or chronic) in

these conditions affect the selection, use, and interpreta
tion of biomarkers used to assess iron status?

Anemia is a common comorbidity of these infections:
how canwe better understandthe interactions amongdis-
ease/comorbidities, treatment, and ironstatus?

If, in fact, evidence indicates nutritional iron deficiency,
what is the safest and most efficacious intervention tase
clinically or at scale?

How doesthe role of public health approachesto address
ing iron deficiency at population levels impact on care of
individuals with infectious diseases?

2)

3)

4)

There is no question that nutritional iron deficiency is com
monly observed in populations with infectious diseases and
their comorbidities. The coreissue is how to assess iron in the
context of infection, treatment, food insecurity/malnutrition,
and to develop safe and effective strategies to address these
complex problems. A concerted effort has begun to develop
solutions to these issues, particuldy the relationships among
nutrition, disease, and inflammation. These efforts are focused
on improving approaches to iron status assessment, and more
specifically, the distinction between nutritional iron status and
anemia @8, 231). One application of these improved ap
proacheswould betheir useby WHOto developnew guidelines
for both iron assessment andnterventions.

Iron overload. Although much of the focus of this report has
been on he factors associated with and biomarkers employed
to assess iron deficiency, the-EP concluded that iron overload

was an issue of sufficient public health importance to warrant
specific coverage. The following section is an overview of the
current understanding of the causes, public health significance,
and assessment approaches related to iron overload.

Causes of systemic iron overload. A classification of the
causes of systemic iron overload is shown in Text Box 33§9,
390). The following section deals only with systemic iron over
load which may potentially have a nutritional component. Rare
genetic disorders and conditions that cause localized iron over
load are beyond the scope of thsireview.

Text Box 32

Systemic iron overload [adapted from Bacon et al. ( 389
and Pietrangelo (390)]
Hereditary hemochromatosis
AHFErelated hemochromatosis(Type 1).
ANon-HFErelated:

-Juvenile hemochromatosis (Types 2A, 2B)
-TfR related hemochromatosis (Type 3)
-Ferroportin disease (Types 4A, 4B)
=1 O dondddfirdh olerlodgV | AAOGOOAOG
Iron -loading anemias
AThalassemiasyndromes.
ASideroblasticanemia.
AcChronic hemolyticanemia.
APyruvatekinasedeficiency.
APyridoxine-responsive anemia.
Parenteral iron overload
ATransfusional iron overload (multiple red blood cell
transfusions).




AParenteral ironinjections.

Chronic liver disease

APorphyria cutaneatarda.

Aviral hepatitis, especially hepatitisC.

AAlcoholic liver disease.

ANonalcoholic fatty liver disease/nonalcoholic steate
hepatitis.

AFollowing portacaval shunt.

The ability of the gastrointestinal tract to limit absorption
even when large quantities of bioavailable iron are ingested is
remarkable. However,acute iron poisoning may occur inyoung
children who accidentally consume adult iron supplements ( 3
g is lethal in a 2y-old) (391). On the other hand, there are very
few reports of chronic iron overload as the result of the con
sumption of excessive quarities of iron in adults (392, 393).
Furthermore, in most casesit would be difficult to excludeother
factors such as liver disease, alcohol consumption, or an unrec
ognized genetic componentesulting from a polymorphism af
fecting either hepcidin or FPN1(392). Hepcidin suppressiondue
to acceleratederythropoiesis (thalassemiasand other hemolytic
disorders; seeText Box 32) would also have to be considered.
Despite the frequent inclusion of diet as a potential primary
cause of chronic systemic iron overload in scholarly articles,
there is very little observational evidence to support thisview,
xEOE OEA Oi1 A AgAAPOEIT 1 &
below. The types of hereditary hemochromatosis are summa
rized in Table 6 (390). HFE hemochromatosisis by far the most
prevalent; 10z15% of Caucasian Americans are carriers of the
C282Y allele and 1 in 209250 are homozygous for this autose
mal recessive condition. AnotherHFE mutation, H63D, occurs
in 20% individual worldwide (212). However, penetrance is
low. Clinically significant consequences of iron overload are eb
served in only 28% of male and 1% of female C282Y homozy
gotes (394, 395).

Oneethnic group merits further consideration. Aniron over-
load syndrome that occurs in South African Bantu men (origi
TATTU AATTAA O" AT 00 OEAAOI OEQ
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1929 (396). An excessive iron intake due to the consumption
of traditional beer brewed in iron drums was considered to be
the primary etiological factor (100). The beer had an average
iron concentration of 40 mg/L in a highly bioavailable form.
The alcohol content was low and many individuals would regu
larly drink severalliters aday.Fecalanalysesdemonstratedthat
507100 mg Fe/d wasingestedfrom beer alone.However,subse
quent studies conducted by Gordeuk et a{397) suggested that
genetic factors are equally important in the people of south
ern and central Africa. The most common phenotype appears
to be loss of function inSCL40A1(FPN1) acting in an autose
mal dominant fashion (397, 398). The Q248H allele is the most
prevalent polymorphism in sub-Saharan Africa and in African
Americans. However, among African Americans the increased
risk of iron overload appears tobe minimal (399), perhaps be
cause the consumption of excessive bioavailable iron isnaces
sary cofactor. It is nevertheless important to emphasize that the
putative genetic component of subSaharan iron overload has
not been identified with certainty at the presenttime.

¢}

Consequences of systemic iron overload. Iron is a highly re-
activemetal.Freeiron canalternate betweenthe Fe** andFe&?*
redox states resulting in the gainor lossof free electrons.Asa

result harmful free radicals may be generated, causing damage
to lipid membranes, DNA, and various cellular organellggl00).

In addition, pathogens compete with body cells for iron; avail
able iron may lead to increased pathogen virulence. Thofinical
consequence®f systemiciron overload that are most conspicu
ous in patients with untreated HFEhemochromatosis are listed
in TextBox33.

Text Box 33

HFE hemochromatosis: clinical phenotype
Nonspecific systemic symptoms
AFatigue, malaiselethargy.
AWeakness, weightoss.

Liver complications

AFibrosis.

ACirrhosis.

ALiver failure, ascites,encephalopathy.

AHepatocellular carcinoma.

Heart complications

ACongestive cardiac failure due to iron deposition in
the myocardium.

Acardiacarrhythmias.

Pancreas

ADiabetesmellitus.

Ogue ocripe.complicati
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AHypogonadism,amenorrhea.
AHypothyroidism.
Joint Problems
AArthropathy.
A Typically pseudogout in the metacarpophalangeal
joints of the hands.
AOther joints, especially hips and knees, may also be
affected.
Skin
Alncreasedpigmentation.
. APor{)h ria cutaneatarda.. . _ . .
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The clinical manifestations of secondary iron overload re
sulting from an iron-loading anemia such as thalassemia major
include those observedin severelyaffectedpatients with hered-
itary hemochromatosis. Children with untreateda-thalassemia
also suffer from severe anemia, marked hepatosplenomegaly,
and skeletal abnormalities due to expansion of the erythroid
elementsin the bone marrow. Intercurrent infections, heart fail -
ure, and liver cirrhosis are the major causes of death in the first
two decades of life (401).

Current controversy related to the possible role of iron in
various conditions

Iron status and vascular diseasillivan (402) postulated in
1981 that ischemic heart disease occurs less frequently among
premenopausal women than in men of the similar age because
of differences in iron status. Interest in the possibility that iron
had a causative ole was stimulated by the observations of Sa
lonen et al. 403) who reported that high SF concentrations in
eastern Finnish men were associated with an increased risk for
myocardial infarction. Numeroussubsequentstudieshavefailed
to resolve the issue. In most cases iron status was defined by
SFassaysVasculardiseaseis known to have an inflammatory

O



TABLE 6 Hereditary systemic irooverload disorders

Disorder Inheritance Laboratorymarkers Clinicapbhenotype
HFEhemochromatosigtype 1) Autosomalecessive TSATuearly Primaryhepatocyteiron loading,hepaticfibrosis/cirrhosis|iver cancer
SFr, Cardiomyopathy
Diabetes mellitus
Hypogonadism
Arthropathy
Skin pigmentation
JuveniliHJ\hemochromatosiftype2A) Autosomatecessive TSATuearly Similato HFEhemochromatosidutearlyonsetandaccelerated
coursegndocrineandcardiaaliseasenoreprominentthanhepatic
JuvenileHAMPhemochromatosigtype 2B) Autosomalecessive SFr, involvement
TFRZemochromatosigtype 3) Autosomalecessive TSATuearly Similar toHFEhemochromatosis
SFr,
FPNlossoffunction(type4A) Autosomakominant SFo Predominantacrophagéronloadingintheliver,spleenandbone
marrow
TSADBftennormal Laterparenchymalron accumulatiorwith mild liverdisease

May have milchnemia

FPNXDainoffunction(Type4B) Autosomaldominant

SF

TSATuearly

Similar toHFE

1FPN1, ferroportin 1; HAMP, geneencodinghepcidin;HFE, humanhemochromatosistHJV, hemojuvelin;SFserumferritin; TFR2, transferrinreceptor2; TSATpercentage

transferrin saturation;ty increase. Adaptedith permission from referenc&90.

component(404). RaisedSFvaluesmay therefore merely reflect
its properties asanacute-phaseprotein (APP),aconclusionthat
is supported by the absenceof a significant associationbetween

with hemochromatosis (417). There is some evidence to sug
gest that iron status may be related to otér cancers, but
more research is needed to establish a causal rolel18).

vascular disease and eitheHFEE AT T AEOT | AOT OE Ohelmdst ddnvideing villdnce suggests a relationship between

iron overload.d

Iron and the metabolic syndrome. Diabetes mellitus is one
of the most common complications of all iron overload states.
The etiology is complex. Genetic factors, iron deposition in the
liver, direct damage to the pancreas, and insulin resistance may
all play a role @05). Patients need appropriate clinicamanage
ment. The relationship between iron status, and both obesity
and the metabolic syndrome has been characterized using vari
ousiron biomarkers. IncreasedSFvaluesare commonly encoun
tered in the presenceof the metabolic syndrome (406). However,
transferrin saturation is not significantly increased and hepatic
iron overload, if present, is mild based on MRKQ7). Iron is se
questered in macrophages. Hepcidin levels are raised and iron
absorption decreased 408z412). The interaction between iron
homeostasisand obesity hasbeenreviewed recently (413,414).
Hyperferritinemia and hypoferremia is considered to be a con
sequence of hepcidininduced iron sequestration in the reticu
loendothelial system and the acutephase ferritin response to
inflammation. There is still considerable controversy about the
potential role iron asa causativefactor, but high-intensity blood
donation which would be expected to markedly reduce the iron

high red meat intake and coloncancer. However,if there
is a causalrelationship, whether the critical factor is iron,
heme, or some other meat ingredient has not been estab
lished.

Iron and infection. With the exception of Lactobacilliand
Borrelia burgdorferiall microorganisms require iron to survive
(419). They compete with their hosts for available iron. The
AT A abiitto withhold iron is considered to be a component
of the innate immune response 420). Recent studies suggest
that mild iron deficiency may provide a modest degree of pro
tection againstfalciparum malaria, but more researchis needed
to establish the significance of these observations. On the other
EAT Ah OAOAOAI
I O A OlinicréaBedthe risk of chronic infectious disorders, par-
ticularly tuberculosis and HIV disease. These observations deal
with patients who have significant organ damage, making dif-
ficult to be sure of the specific role of iron overloadMoreover,
SFwhich may be confounded by the presence of inflammation,
has often been used as the critical biomarker4@1). Neverthe
less, it seems likely that iron toxicity is a contributoryfactor.
Similarly, iron overload is consideredto be a contributory risk

load was not associated with a decrease in the prevalence of factor for bacterial infections which are a major cause of death

the metabolic syndrome (415). Higher SF levels are also asso
ciated with type 2 diabetes. Once again, serum iron and trans
ferrin saturation are not increased,suggestingthat the rise in SF
is an inflammatory response 416). Nevertheless, the relation
ship with iron status and the potential role of iron needsfurther
study.

Iron and cancer. The overall risk for hepatocellular carci
noma in patients suffering from hemochromatosis is $10%.
It is preceded by the development of liver cirrhosis and is
responsible for 25745% of all premature deathsassociated

in patients with thalassemia(422). Onthe other hand,infections
are not a characteristic complication for most patients suffer
ing from HFE hemochromatosis although the virulence oter-
tain organismsmay be increased;theseinclude Vibrio vulnificus,
Yersinia enterocolitica Escherichia cqli and Listeria monocyte
geneg423z7426).

Biomarkers of iron overload. The diagnosis of iron overload
is made in the clinical setting in patients who exhibit charac
teristic symptoms and signs or indiviuals considered to be
at risk becauseof a family history of hemochromatosisor a
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TABLE 7 SF and TSAT levelssihd 95" percentile values (95% CI) for SF an &3d 90" percentile values (95%l) for TSAT
for selected age groups for the total US population (NHANES;2999)

Sex, age (y) SF 50thi{g/L) SF 95thy{g/L) TSAT 50th TSAT 90th
F1219 26.0 (24.0, 27.0) 76.0 (70.0, 85.0) 19.8 (18.4, 20.9) 32.9(31.036.6
F 2@39 32.0 (30.035.0) 126 (110, 146) 21.4(19.8,23.3) 38.4(35.031.1
F 4@59 53.0 (46.0, 57.0) 228 (201, 243) 215 (20.5, 22.5) 34.8(32.037.6
FOB0 86.0 (80.0, 93.0) 391 (349, 445) 22.3(21.1,23.6) 35.4(31.837.9
M 1219 42.0 (40.0, 54.0) 142 (125, 154) 25.8(24.3, 26.9) 42.8(36.350.4
M 2039 134 (125, 142) 382 (344, 406) 27.1(25.7, 28.4) 45.9(43.748.8
M 40c59 150 (138, 168) 500 (434, 574) 26.8 (25.4, 28.9) 41.6(39.843.2
M 060 134 (125, 147) 552 (493, 623) 25.9 (24.7,27.3) 41.7(39.443.8

1SF, serum ferritin; TSAT, percentage transferrin saturation. Adapted with permission from refé@ace

hematological disorder that leads to secondary iron overload. determine the prevalence of a genotype or phenotype (based
Stainable bone marrow iron isan important research tool and  on biomarkers) that is likely to explain the high SF values in

also occasionally employed in the clinical setting. It is, how
ever, an invasive procedure and not applicable to population
surveys or the evaluation of intervention strategiesMoreover,

it is important to note that bone marrow iron evaluation

may be misleading inHFE hemochromatosis where the iron

excess is present primarily in parenchymal cells, particularly
hepatocytes.

SF and TSAT are used in combination by clinicians in
the workup of individuals with clinical findings or a family
history suggestive of hemochromatosis 389, 427, 428). How-
ever, screening of the general population is not recommended
by either the American College of Physicians or the American
Associationfor the Study of Liver Disease.

Investigators whose main focusis nutrition haveusually em-
ployed upper levels for SF as the criterion of iron overload. The
values chosen have varied, but oneommonly quoted source
gives levels of> 200 pg/L for adult males and> 150 pg/L for
AAOI 6 EAT AT AO AO Ai1T OOCH ®A®AT
(218). Based on these criteriaz 5% of men in the United States
over the age of30 y would be at risk [SF: 382ug/L (95% CI:
344,406 pg/L), 500 pg/L (95% CI: 434,574 pg/L), and 552
Ma/L (95% CI: 493,574 ug/L) respectively for men aged 2@

39, 40z59, and@0 y]. Similarly,>5% of apparently healthy
women over the age of 40 y would be at risk [SF: 228g/L
(95% CI:201, 243 pg/L) and 391 pg/L (95% ClI: 349,445 ug/L)
respectively for women aged 459 ang 60 y][Table 7 (429)].
It is highly unlikely that a sizeable proportionof middle- aged
and older Americans are at risk for clinically significantiron
overload. McKinnon et al. 430) reinforced this conclusion
basedon a survey of 1188 adults living in Busselton,Australia
andalsoreported adirect correlation with BMI and asignificant
increase in SF levels between 1995 and 2005. They proposad
changein reference rangesto accommodatedemographicand
biomedical influences. The NorthAmerican Hemochromato-
sis and Iron Overload Screening(HEIRS)Study also employed
higher cut-off values (> 300 pg/L for men and > 200 pg/L for
women) (431).

The I-EP has concluded that if the recommendationor
cutoff levels published in the 2001 UNICEF/UNU/WHO guide
for program managers @18) are used, SF values employed
as the sole measure of iron status are of limited to value
as a marker of increased iron gires in population surveys
and the planning of intervention strategies. It is possible that
higher SF cutoff levels would improve the evaluation of the
risk of iron overload in population studies.However, the I-EP
proposes that an alternative tactic baed on the approach
used by clinicians be considered. The first step would e

the target population. The folowing groups are identified in
TextBox34.

Text Box 34

True iron overload
Hereditary Hemochromatosis
Phenotype: SFE,% TSATY (with the exception of FPN1

loss of function, SFy, % TSAT often normal)
Iron -loading anemias

Abnormal globin genotype(s) causing thalassemia syr
dromes in most cases.

Phenotype:SF, % TSATT,

Inflammation

Infection and inflammation.
PR . 0, C r PN Loa e oA
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Phenotype:SFt, % TSATY,
Older men and postmenopausal womer

Phenotype: SFAy % TSAT, no trend os,.
Liver disease

Complex phenotypes: SE, % TSATL, abnormal liver
enzymes.

True iron overload. An increase in TSAT preceding the pro
gressive rise in SF is characteristic of the clinical pheno
type of HFE hemochromatosis, juvenile HJV hemochromato-
sis, juvenile HAMP hemochromatosis, TFR2 hemochromato-
sis, and FPN1 gain-of-function ferroportin disease. The one
exception isFPN1 loss-of-function ferroportin disease, whichis

AEAOAAOADEOOEA | £ TSATKEOfMA dofmalE OT 1

in the face of increasedSF.Iron intake does not appearto play
a significant role in the rate of iron accumulation in the com
mon form of iron overload in Caucasians. In the HEIRSudy,
dietary iron intake was analyzed in 213 patients who were ho
mozygous for HFEC282Y No significant relationships betwee
SF and dietary heme iron content, dietary nonheme iron cen
tent, or supplemental iron use were discovered432). On the
other hand, as described above, iron intake is considered to be
animportant factorin 0! £QilbRIAOA OT T AA8S
Thalassemia syndromes are prevalent in many parts of the
world, including the Mediterranean region, Africa, and South
east Asia. Patients with severe anemia who may or may not
be transfusion dependent require managementby healthcare



TABLE 8 Ironabsorptionin Thaiwomenwhoareheterozygotesor HbE U-Thall, or B-Thalandin compoundheterozygotesor

HbE/BThat

Normal Hb HbE Trait U-Thal Trait B-Thal Trait HbEA-Thal
n 25 26 18 27 9
Age,y 327+ 7.8 32.1+ 8.4 32.8+ 11.3 36.7+ 9.8 36+ 10.3
Weight kg 47.8+ 7.3 53.5+ 6.3 50.8+ 8.8 50.4+ 8.4 45.4+ 10.0
Hb 13.0£ 1.0 12.4+ 1.2 11.6+ 1.0 11.1+ 0.7 6.9+ 1.4
SFug/L 15(1¢148) 23(3¢112) 28(1¢142) 52(2¢236) 877(206;4040)
TSAT 30.7+ 7.8 34.1+ 10.2 30.4+ 6.8 325+ 7.0 77.8+ 16.6
Y%absorptior? 8.7(3.2,23.4) 7.5(3.4,16.7) 5.6(2.8,11.3) 4.5(2.0,9.7) 10.5 (4.623.9)

Walues are means SDs or means (ranges) unless otherwise indicdliéthal, U-thalassemia; Brhal,a-thalassemia; Hb, hemoglobin; HbE, hemoglobiSfserum ferritin;

TSATpercentage transferrin saturation. Adapted with permission from refere4@e
2Geometric meanqSD,+ SD).

professionals. However, the carrier states for these disorders
that are far more prevalent in the population are of most
concern to nutritionists. The potential risk for inducing iron
overload in thalassemia carriers depends on the typef tha-
lassemia. Consequently, information about the prevalence of
the various thalassemia syndromes must be taken into account
when considering fortification or supplementation interven-
tions.

Urinary and serum hepcidin levels are markedly decreased
in a-thalassemia major anda-thalassemia intermedia @33,
434). They are also suppressed in hemoglobin &thalassemia,
which is the most common severe thalassemia syndrome
in Asia and a-thalassemia trait (435). On the other hand,
Zimmermann et al. #36) measured iron absorption in 78
Thai women who were heterozygous forU-thalassemia 1,a-
thalassemia, hemoglobin E, owere compound heterozygotes
for hemoglobin E (HbE)&-thalassemia. Twentyfive women
with a normal globin genotype served as control§Table
8). SF levels were significantly higher in women withU-1
thalassemia trait, a-thalassemia trait, and HbEA&-thalassemia.
The increase was likely to be clinically important only for
HbE/a-thalassemia. Absorption was appropriately downreg
ulated in those with U-1 thalassemia ora-thalassemia trait,
but not in HbE/a-thalassemia wlunteers. The {EP differs
to some extent with the conclusion drawn by Zimmermann
et al. @436) (that absorption was not adequately downregu
lated), and suggests that a more plausible conclusion would
be that absrption was appropriately downregulated in U-1
thalassemia anda-thalassemia heterozygotes, but that the bal
ance between stores and absorption was reached at a slightly
higher level of storage iron in the case of thé-thalassemia
trait. Nevertheless, the report does support our proposal that
the potential risk for iron overload in populations where tha
lassemiasyndromesare prevalent should be basedon biomark-
ersthat describethe prevalenceof carrier status,particularly for
a-thalassemia as welbs compound heterozygosity.

Inflammation. The inflammatory phenotype is not indicative
of iron overload. It is induced by the combination of two pathe
logical processes. SF is increased directly, independent of iron
storage status, because it behavesan acutephase reactant.
The quantitative relationship between SF and iron stores is dis
turbed. In addition, the release of iron from stores is downreg
ulated, resulting in increased storage iron and, if of sufficient
severity and duration, anemia. Tk inflammatory component of
obesity, insulin resistance and type 2 diabetes, and aging may
be important contributors to the demographic and biomedical
variation for which McKinnonet al.(430) recommendreference
range adjustments.

The anemia of infection/inflammation, often referred to as
OEA OAT Al EA
which disordered iron homeostasis, due primarily to increased
hepcidin secretion, has a central role. Increased SF, and a fiall
the levels of serum iron, serum transferrin and TSAT are char
acteristic laboratory findings (437).

The relationship between iron status and obesity/insulinre-
sistance/type 2 diabetes has been discussed previously the
section dealing with the consequences of iron overload. The
preponderance of evidence suggests the increased SF is a man
ifestation of the associated subclinical inflammatory state and
therefore not necessarily indicative of increased risk for the
consequences of ironoverload.

The phenotype in older men and postmenopausal women
is also characteristic of a lowgrade inflammatory state
affecting a significant proportion of apparently healthy indi
viduals. SF andTSAT values abstracted from a reportby the
US CDC based on data collected in NHANES 12882 are
shown in Table 7. It is noteworthy that SF values rise pro
gressively in the 95th percentile for m& and postmenopausal
women whereas there is no significant trend inTSAT.At the
50th percentile there is little, if any,increasein SF.

Liver disease. The assessment of liver disease is complex and
beyond the scope of thigeview. Evaluation by health pofes-
sionals is required.However, there is one disorder that could
affect the design of nutrition interventions. Hepatitis C ipreva-
lent in some countries such as Mongolia. Patients with hepati
tis C may accumulate excessive quantities of iron in ¢hiver.
Some studies have demonstrated that hepcidin production is
downregulated by the hepatitis C virus 438, 439) and that iron
removal by phlebotomy @40z442) may be beneficial and im
prove the responseto treatment with interferon. More research
is needed.

In summary,information about the prevalence of genotypes
that put individuals at risk for iron overload may provide the
mostusefulinformation when consideringdietary manipulation
or supplementation to improve iron status at the population
level. Careful analysis of the impact of the inflammatory phero
typesthat leadto increasedSHevelsin the absenceof significant
iron accumulation will also beessential.

Currently available biomarkers
for evaluating iron nutrition
Biomarkers of iron nutrition andnutritional iron deficiencymay

be categorized as follows based on the aspects of iron nutrition
that they address:
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1) Intake (exposure)andexcretion: Severalestablishedmeth-
ods for measuring daily iron consumption are describedbelow.
The greater challenge is the determination of bioavailability. As
outlined above, the diet always contains more iron than is re
quired to meet the requirements of almost everyoneHowever,
for myriad reasonsdiscussedpreviously, the majority of the iron
is not absorbed. Biomarkers of bioavailability therefore play a
critical role in determining the adequacy of exposure. Biomark
ersof exposureandbioavailability are discussedin the following
section.

Iron excretion is not regulated in human beings. Excessive
iron loss is most commonly the result of diseases thatause
blood loss, the excretion of heme in the urine as consequence
of intravascular hemolysis, or bleeding into the lung. Iron ex
cretion has been measured experimentally in adults using both
radio-isotopes (144, 443) and in toddlers and pregnant women
using stable iron isotopes(444).

2) Status: Biomarkers of iron status were developed tohar-
acterize the stages of increasingly severe degrees of iron def
ciency that would occur in an individual whose iron intake
does not meet his or her requirements. As indicated above,
three stages are generally recognized: storage iron depletion,
iron-deficient erythropoiesis, and IDA. Currently available
biomarkers make it possible to categorize the severity of iron
deficiency in individuals. They are also employed in population
studies to determine the prevalence of iron deficiency and to
differentiate betweeniron-deficiencyanemiaand anemiadueto
infection and other factors.

Estimation of iron intake
The only available biomarker for iron exposure is the measure
ment of dietary (and supplement) iron intake. The information

can be used to assess the risk of iron deficiency, and data may

alsobe collectedin order to comparethe averageiron intakes of
different groupsor to compareintakesbetweenareas/countries.
Other reasons for measuring iron intake are to rank indivied
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take, information that is often used in studies of nutritional
epidemiology.

Accurate measurement of dietary iron intake is hampered
by several factors, including the quality of food composition
data, food fortification practices, supplement use, contami
nation iron, and inappropriate choice of methodology. Text
Box 35 (445) provides the summary of the systematic re
view conducted by the EURRECA (European Recommenda
tions Aligned) project on dietary intake methodology related to
micronutrients.

Text Box 35

Findings from systematic review on dietary intake method -
ology conducted by EURRECA (445

AThe systematic review identified 79 studies that met
the inclusion/exclusion criteria.

AFFQ was the mosfrequently used intake assessment
method.

ADietary record (DR) or 24h recall were used as refer
encemethods.

ASerum ferritin (biomarker of status, for validating in-
take data) was used as a reference method in 2 studies.

AWnhen the FFQwas compared with the DR:

-Long-term intake (DRO7-d) correlation 0.49.
-Short-term intake (DR< 7-d) correlation 0.45.

A Using a weighted DR as the reference method im
proves the correlation with FFQ.
AWhen the FFQwas comparedwith the 24-h recall:

-Long-term intake (7 x 24 h recall) correlation 0.45.
-Short-term intake (< 7d x 24hrecall) correlation 0.48.

A recent consultation sponsored by EURRECA45) con-
cluded that although obtaining an accurate measurement of
dietary iron intake is challenging, a 7 to 10-d weighed food
records (i.e., where the respondentis askedto weigh andrecord
all foods and beverages at the time of consumption) including
both weekdays and weekends (when dietary patterns may dif
fer) isthe OC TG G8A T Hok ésintating iron intake.

In recent decades considerale effort has been invested in
developing FFQs that give a reasonably accurate measure of
average longterm intakes of nutrients. This information is re
quired for nutritional epidemiologywhere associationsbetween
diet and various health endpoints aresought. Furthermore, as
it can take many months for biomarkers of iron status to reach
a steady state in response to changes in dietary intake, shert
term (acute) measures of intake may not be appropriate and
measures of usual intake may be the preferredpproach.Sup-
plemental Table 1is a summary of selectedstudies usedby the
I-EP to evaluate the relative utility of available methods for as
sessing dietary intake in specific populatiorgroups.

Conclusions

The method of choice for determining iron intake depends
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fo lowing: 1) day-to-day and seasonal variability;2) between-
subject and within-subject variance;3) quality of food compec
sition tables; 4) skills and experience of fieldworkers and indi
viduals tasked with coding food diaries;5) selection of foods
and validation of FFQsg) respondent burden, compliance;7)
changesdn dietary patterns initiated by dietary assessmentand
8) resources available

Duplicate diets (i.e., when a duplicate portion of all food and
drink consumedthroughout the dayis weighedand put asidefor
chemical analysis) are the most accurate method as they avoid
any errors introduced from food table calculations.However,
they are generally only used for metabolic balance and other
small-scale research studies on iron metabolism, as they do not
necessarily generate representative data. A-@ weighed record
is the next most accurate option but requires good compliece
from the subjects, and significant resources, primarily for field
workers to organize data collection and subsequent coding of
the diaries, so this method is not suitable for largescale stud
ies. If the mean iron intake of a population, rather thanhat
of individuals, is required, then FFQs are an acceptable tool.
Theysometimesoverestimate (446z448) and sometimesunder-
estimate (447,449) iron intake, and this is possibly afunction of
the number of food items included since Heath460) reported
a less close agreement between diet record and FFQs when us
ing 206 compared with 630 fooditems (451). They should be
validated and, if necessary, calibrated against another (more
accurate) method. Portion sizes need to be establishednd



tailored for the population group (452). Typical serving sizes
can be found in reference databases [e.g. UK5@), USA 454),
Europe (455, 456)]

Translating food consumption data into iron intake
estimates
Whenever possible, local or regional food composition
databases should be used to convert food intake into iron 4n
take. The quality of the data is of overriding importance in that
it should reflect the average and ugo-date iron content of the
majority of foodsin the diet. In industrialized countries,the con-
sumption of processed and fortified foods has dramatically in
creased over the last 2 decades and this introduces many po
tential errors into the calculation of iron intake. The skill of
food coders is critical as they often need to select codes for
foods that closely represent any that are not listed in the food
database, including assumptions about recipes and ingredients.
Iron-fortified foods do not always contain the quantity of iron
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to ensure the concentration in the final product meets the label
declaration.

The EuroFIR (European Food Information Resource) Foed
EXplorer (457) is aninnovative interface,which allows its users
the simultaneous search of more than 25 national food com

intervention strategiesaimedatimproving iron nutrition. Heme
iron is virtually always well absorbed.However,most food iron
is present as norheme forms. Bioavailability is markedly af-
fected by meal composition. Several indirect methods for esti
mating bioavailability have been developed over the past half
century and calibrated against human isotopic absorptiostud-
ies (461).

In vitro methods. Dialyzability: Miller et al. (462) demon-
strated that there was a direct correlation between nonheme
iron absorption measuredby isotopic methodsin humanvolun-
teersandthe meal content of soluble low-molecular-weight iron
complexesafter simulated digestion in vitro. Briefly, mixtures of
foods are homogenized and exposed at 3C to pepsin at pH
2 (simulated gastric digestion). After 2 h, dialysis (60088000
molecular weight cutoff semipermedle membrane) is used to
adjust the pH to intestinal levels, pancreatin and bile salts are
added,and digestion continuesfor another 2 h. Finally the quan-
tity ohikdn thaldiffulsds AdkoBs thA M&nBrang isrPaBlre.A OOET ¢
The model provides important information about factors
that affect food iron absorption.However, although it makes it
possible to screen large numbers of samplaspidly, it has sev
eral limitations. Results are based on the assumption that iron
destined for absorption is always bound to smaHlmolecular-

position databases. Users have access to a wide range of dataweight complexesThere are exceptionsto this generalrule. The

linking foods and nutrients through harmonized data descrip
tion (Langual), standardized component and value descrp
tion through the use of thesauri (standard vocabularies), and
associated nutrient value information. The search facility in
cludes options to search for food name, food gups, and the
most commonly used Langual food description, as well as the
powerful and unique ability to compare the component values
between foods from the several countries. The results can be

results have qualitative value, but are unreliable for determin
ing the magnitude of such effects. Furthermore, it has proven
difficult to achieve uniformity between results for differentlab-
oratories. Therefore this biomarker is no longer widely used as
ascreeningtestfor potential bioavailability, and hasbeensuper-
seded by the Cac@ cell model.

Caco? cell assays: Cac@ cells area commercially available
immortal cultured cell line that was isolated from an adene

downloaded as a standard Food Data Transport Package. Data carcinoma in a 72y-old Caucasian man. The cells proliferate

in the EuroFIR FoodEXplorer includes>25 European coun

rapidly in vitro and can be induced to undergo spontaneoudif-

tries as well as datasets from Australia, Canada and the United ferentiation to develop some of the charactastics of small in

Statesbut accesss limited to EuroFIRmembers.Other publica-
tions/databases include the following: United States458) and
Australia/New Zealand (459).

Estimation of iron bioavailability

Asdiscussedpreviously, for the purposesof this review, bioavail-
ability is defined as the extent to which iron is absorbed from
the diet and usedfor normal body functions. In nutritional stud-
ies, it is customarily estimated by using an iron isotope to label
the test food or iron compound and then determining theper-
centageof the ingesteddosepresentin the circulating red blood
cell compartment after 14 d. At this time red blood cell utiliza
tion of iron for hemoglobin synthesis is 80% in adults and 90%
in infants and young children (460). The appropriate correction
is made to derive an estmate & AAOT OPOET 1 8
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uated aspotential food fortificants or dietary supplements.Cus
tomarily, this is a direct comparison between the test substance
andferrous sulfate givenin the samemeal (and ferrous sulfateis
assumed to have a value of 100%). Adequate bioavailability is
generally considered to be a vital component of iron nutrition,
and poor bioavailability a critical contributor to the worldwide
prevalence of nutritional iron deficiency. The majority of pee
ple consume sufficient iron to meet their physiological needs.
However,absorption is limited because of the effects of dietary
components, in particular phytates and polyphenols in cereal
and legumebased diets. Biomarkers of bioavailability there-
fore have considerable practical importance for the design of

testinal enterocytes. Under appropriate culture conditions they
form a monolayer with tight junctions and brush border mi
crovilli that express a number of digestive enzymes as well as
the known iron transporters. The measurement of irvitro iron
bioavailability hasbeenrefined by exposingmonolayer cultures
to food digestates prepared in a manner similar to thade-
scribed above for dialysis 463). Large numbers of samples can
be tested over periods ofa few days. Although the results de
rived from this biomarker may be more precise and consistent
than those from dialysis, they also have several limitations. The
results predict the direction of response for all major nonheme
iron absorption modifiers, but not necessarily the magnitude.
Importantly, good quality cell culture facilities and experienced
operators are essential. The Caed cell method should be con
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ing compounds in human absorption trials. The usefulness of
in vitro models to predict the bioavailability of iron and zinc is
reviewed in aconsensusstatementfrom the HarvestPlusexpert
consultation (461).

Animal models. Although several animal models have been
usedfor studyingiron absorption,the only standardizedmethod
that has seen widespread use is the Association of Official
Analytical Chemists (AOAC)Rat Hemoglobin Repletion As-
say (464z466). Briefly, weanling rats are fed an irondeficient
diet until they develop IDA and are then switched to the
test diets. Iron absorption is derived from the increasein red



blood cell mass calculated from the change in body weight and
hemoglobin concentration of the experimental animal.

The method has most often been used to evaluate iron cem
pounds being consi@red as food fortificants and gives a simi
lar classification of iron compound bioavailability as in humans
(467). It should however be noted that the rat doesnot respond
to inhibitors and enhancers in the same way as hunms and is
not a good model to measure iron bioavailability from human
diets (468).

Algorithms. Algorithms have been developed to estimate di
etary iron absorption based on dietary data, including the form
of the iron and the meal content of known enhancers and in
hibitors of iron absorption. Monsen et al. 469) were the firstto
suggest this approachHowever,they only considered the form
of the iron (heme or nonheme) and the content of th two ma
jor enhancingfactors,ascorbicacid and animal tissue (meat, fish
or poultry). Nevertheless their original models are the basis for
the bioavailability values employed by theFAO/WHO in cal-
culating RNIs {8). Shce this time several more comprehensive
algorithms that consider the effect of important inhibitors have
been published. One of the most comprehensive was developed
by Hallberg and Hulthen @70). They utilize all the dietary fac
tors that have been shown to affect nonheme iron absorption
in a quantitative model that includes interactions. In addition,
adjustments are made for iron status, so that bioavailability is
estimated for an individual with a 40% reference absorption
Although beyond the scope of thiseview, the importance of es
timated bioavailability in calculatingiron requirements hasbeen
covered in detail elsewhere 471,472). Armah et al. 473) pub-
lished a similar algorithm based on the US diet in 2013. These
newer algorithms attain greater precision, but the methodstill
haveseveralimportant shortcomings.lt is frequently difficult to
obtain accurate semjuantitative data for the consumption of
iron and the major enhancers and inhibitors of absorption, and
the data upon which they have been based is nonheme iron, so
assumptions about heme iron intake (and absorption) need to
be addedto the model.Furthermore,results of algorithms devel
oped for one population group may not be representativevhen
applied in a different setting.Finally, the results tend to under
estimate bioavailability and there may be a 3old variation in
estimatesusing different algorithms (474). Therefore most pro-
gram planners employ theFAO/WHO absorption levels based
on a qualitative description of thediet.

Human bioavailability measurements. Studies using radioe
labeled iron in human volunteersare regarded as the goldtan-
dard for determining iron bioavailability and estimating absorp-
tion. Several methods, categorized according to theincreasing
complexity and precision, are available as describeloelow.

Iron tolerance measuremenithe method lacks sensitivity
and can only be used for high doseg ( 10 mg) of iron. The
plasma iron concentration is measured at intervals (usually six
samples at hourly intervals) after the ingestion of the iron com
pound of interest following an overnigh fast. The rise in the
plasma iron level is used as a measure of absorption by €al
culating the area under the curve 100, 475) or applying a
compartmental model @76). Results are most often expressed
as relative bioavailability with respect to FeS® (or another
well-absorbediron compound) by repeatingthe procedure with
an equivalent quantity of this iron on a different day.

Isotopic absorption studieata obtained from isotopic
studies are the basis of our understanding of food and forti
fication iron bioavailability. These iron bioavailability studies

measurethe utilization of the absorbediron for hemoglobinsyn-
thesis and use thisto estimate iron absorption. Earlier experi
ments utilized radioisotopes, but they have been supplanted by
stable isotopes to eliminate the potential risk of exposure to ra
diation (477). Radioisotopesare addedin trace amounts.Onthe
other hand, milligram quantities of stable isotopesare required.

As a consequence, stable isotopic methods are most suited to
iron fortification studies. When used to investigate dietary fac
tors, multiple mealsare essentialto avoid largeincreasesin iron
intake. The major limitation of the isotopic approach in general
is the dependence on assays based on single meals or in some
cases a limited number of meals on different day178). Inves
tigators may selectmealsthat exaggeratethe effectsof bioavail-
ability modifiers. It may therefore be difficult to predict dietary
bioavailability because the effects of the absorption modifiers
are often attenuated when the whole diet consumed over ex
tended periods of time and the interaction between modifiers
are considered.

Field trials.Field trials are costly and time consuming, but
they provide the most accurate and reliable information about
the potential impact of proposed fortification or supplementa
tion programs. It is essential that they include a control arm
because the iron status of the target group may change over
time. This is particularly important for young children.The trial
period should be® mo 60, 479). Iron status biomarkers, in
cluding hemoglobin,SFSTfR, andZPPare used to measure the
change in iron status between baseline and the end of the trial.
Recent reports suggest that the most accurate estimatearcbe
obtained by using the sTfR/SF ratio to calculate body iron in
dex (248, 480). If this is done, it is also possible to estimate the
bioavailability of the iron fortificant or supplement based on
the change in body iron and the quantity of supplementary iron
consumed.

Estimation of dietary bioavailability in a population.
Bioavailability is a critical factor for estimating recommended
nutrient intakes for iron and zinc (78). It has,however, proven
difficult to obtain accurate values at the population level. As
outlined above, algorithms may be misleading or difficult to ap
ply because of incomplete dietary data. Th®VHO/FAOthere-
fore employed a pragmatic qualitative approach to calculating
dietary bioavailability by assigning one of three bioavailability
levels depending on a general description of the diet (5%, 10%,
or 15%) (78). On the basis of intake datand isotope studies,
iron bioavailability has been estimated to be in the range df4z
18% for mixed diets and 512% for vegetarian diets insubjects
with noiron stores,andthesevalueshavebeenusedto generate
dietary reference values for allpopulation groups (26). Dainty
et al. 481) recently proposed a new methodology. A full proba
bility approachwasusedto estimate dietary iron bioavailability
based on calculated requirementsestimated daily intake, and
the distribution of SF values in the population sample. Subse
quently, further refinements were madeto the model using data
from 2 nationally representative studies of adults in the UK and
Ireland and a trial in elderly peogde in Norfolk, UK, and an in
teractive tool was published (482). An accompanyingeditorial
(483) concluded that the model is likely to be widely used in
populations for whom reliable dietary iron intake and status
dataare available.The method hasseveralpotential advantages.
Resultsare basedon direct observationsin the target population
sample. There is no need to analyze dietary data for enhancing
and inhibiting factors or heme content:total iron intake is the
only value that is required. The fortification level necessary to
achieve a designated SF level can be estimated. There are, how
ever, some significant constraints. The iron requirements and



dietary intake must be in a steady state for at leastyear. The
method is therefore not suitable for children, pregnant women,
or immediately after the onset of menopauseFinally, the inves
tigators only analyzed data from adults eating a Western diet
and employed SF as the biomarker for iron storage status. The
approach should be evaluated in populations traditionally con
sidered to be consuming low bioavailability diets. It would also
be desirableto examinethe useof body iron or the sTfR/SFratio
instead of SFalone.

Biomarkers of iron status and anemia risk

Iron stores and storage depletion. The bone marrow is a ma
jor iron storage site. All of this iron is available for erythre
poiesis. The lack of iron only becomes a limiting factor once
this supply is exhausted. The absence of stainable bomerrow
iron is generally regarded asthe gold standard for the diagnosis
of iron deficiency. The invasive nature of the procedure makes
it unsuitable for most epidemiological studies. It hashowever,
been an imaluable biomarker for the definitive identification of
iron deficiencyin afew well-designedfield investigationsin set-
tings where the etiology of anemiais complex.It alsoremainsan
important option for diagnosing complicated anemias in hospi
tal patients (484).

The source of erythropoiesis in the fetus is the livam-
til late in the third trimester when there is a liver-bone mar-
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tation of stainable iron in the neonate depends on gestational
age and the timing of the switches. Consequently, due to both
the changing physiology and the invasiveness of the procedure,
stainablebonemarrow iron is not typically utilized to determine
neonatal iron status.

Serum ferritin. Although SF is an important biomarker of iron
status, it represents only a minute fraction of théd | A f@itid
pool. Most of the ferritin iron is intracellular, with the highest
concentrations being found in in cells that store iron and can

also process heme (hepatocytes and specialized macrophages).

Structure and function of ferritin. The iron storage protein
ferritin has a similar structure in animals and plants. Thefer-
ritin molecule consists of a protein shell with a molecular mass
of 500 kDa composed of 24 subunits. The protein shell en
closes a core of ferriehydroxy-phosphate that can hold up to
4500 atoms of iron @85). Ferritin molecules acquire and re
lease iron in concert with physiological needs. The mechanism
of uptake and release of iron is stillunclear. It is known that
iron uptake requires an oxidizing agent and release a reducing
agent. A range of isoferritins is found in various human tissues
dependingon the specificcombinations of the 2 types of subunit,

H and L @86). H-Rich isoferritins predominate in heart muscle
and in red and white blood cells, whereasrich isoferritins are
found primarily in liver, spleen, andplacenta.

Ferritin is a soluble protein, but can degrade into insoluble
hemosiderin. Both ferritin and hemosiderin provide a storeof
iron that is readily available to meet functional requirements.
Normally most of the iron stored in the body (1 g in men and

less in children and premenopausal women) is stored as ferritin
but the proportion as hemosiderin increases with iron overload.
The uptake of iron into ferritin serves a second vital function.
It prevents oxidative damageto tissues.Freeiron could generate
highly reactive free radicals that could damage DNA, oxidize
cholesterol, or damage tissue proteins. Ferritin synthesis is
duced by the presence of iron. The initial response isegulated

by translation rather than by transcription (487). The transla
tional control mechanisminvolves the 5! IRE of ferritin mRNA.
The eventual degradation of ferritin remains largely a mystery
although studies with rat liver cells indicate that the haHlife of
the ferritin molecule is 72 h 487).

SF is a measure of the amount of iron in body stes if there
is no concurrent infection or inflammation. When the SF con
centration is > 15 pg/L, iron stores are present.Values<12z
15 pg/L are generally considered to be indicative of depleted
iron stores. The SF measurement is widely available, wellast
dardized and, in a subject with anemia, a low SF is diagnostic of
IDA (488). In otherwise healthy individuals, SF concentration is
directly proportional to the size of the iron store, with 1pg/L
SF corresponding to 810 mg storage iron in an adult 488).
Although SF has been shown to give a larger and more consis
tent response to iron interventions than ZPP or sTfR489), it is
an APP and is increasethdependent of iron status by acute or
chronic inflammation. The SFlevel is therefore difficult to inter-
pret in settings where infectious diseases are common. It &so
unreliable in patients with malignancy, hyperthyroidism, liver
disease, and heavyleohol intake (490).

SF resembles liver or spleen ferritin immunologically and is
recognized and quantified by monoclonal or polyclonal anti
bodies raised against these ferritins. The extent to which SF is
saturated with iron is variable and can be influenced by phys
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Iron saturation of ferritin in normal serum was reportedto
be 24% @91) but it is much less in iron overload. Erritin
appearsto enter the blood plasmaby secretionfrom hepatocytes

or macrophagesafter synthesison membrane-bound polysomes
and glycosylation,or via direct releasefrom damagedcell mem-
branes. The 3 factors controlling SF levels are synthesislease
from the cells, and clearance from the plasma. Abnormalities
occur in synthesis and release, but not in clearance. Many cells
contain ferritin -binding proteins and injected spleen ferritin is
rapidly taken up by the liver (492).

Normal ranges of serum ferritin. It was only after the de
velopment of sensitive immunoradiometric assays that ferritin
wasdetectedin the serumor plasmaof normal individuals (493,
494). Theseearly assayshavebeensupplantedby enzyme-linked
immunoassays using colorimetric and fluorescent substratesr
by antibodies with chemiluminescent labels. The SF assay
availablefor routine analysisusingautomatedimmunoassayan-
alyzers.

SF concentrations are normally within the range 1%
300 ug/L andarelower in children thanin adults.Meanvalues
in women beforemenopausearelower thanin men,reflecting
x 1 1 A loebiron storescausedby menstruation and child-
birth. In women after menopause SFconcentration increases
but remainslower than in men.The changesin SFconcentra
tion from birth to old agereflect changesn the amountofiron
stored in the tissues(495). In normal individuals, there isaclose
relationship betweenthe total amount of iron removed by phle-
botomy andthe SFconcentration (496). The SFconcentration is
relatively stablein healthy personsandareductionin thelevel
of storage iron is the only known biological cause of low SF
concentrations.In patients with IDA,anumber of studieshave
beenusedto establishthe threshold of 12715 pg/L asindicative
of iron deficiency(497) andthis cut-off is the cornerstonefor
using SFin clinical practice to identify iron deficiency.Higher
concentrationsof SFmayberelatedto infection, inflammation,
adiposity, and alcohol consumption(490).

S



Iron supply
Serum iron, TIBC, percent transferrin saturation. Iron in the
circulating plasmaand extracellular fluid is bound to transfer-
rin. Serumiron and transferrin saturation values have a circa-
dian rhythm with most individuals exhibiting a morning peak
and eveningnadir. In the morning, transferrin saturation is
35% (range 2@Z55%). The pattern may be reversedn people
‘who are awake at night and sleep during theay.When absorp-
tion andreleasefrom storesis insufficient to meetfunctional re-
quirements,the serumiron levelfalls andthe transferrin concen
tration (customarily expressed as the TIBC) isncreased(100).
Theserumiron level, TIBC andtransferrin saturation are there-
fore all indicators of the adequacyof the iron supply to develop-
ing red blood cellsand other tissues.Theiron supply to develop-
ing erythrocytes is suboptimal when thetransferrin saturation
falls below 15% in iron-deficient, but otherwise healthy, indi-
viduals (139, 498). However,unlike iron deficiency, in infection
and inflammation both plasmairon and the TIBCare reduced.
Transferrin saturation is the biomarker that is employed most
widely in nutrition studiesasan indicator of iron deficiency; it
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distinguish between functional iron deficiency and thalassemia
or hemoglobinopathy carrier status rave been proposed 02).

ZPPlevelshavebeenassessedn studiesof preterm infants as
a marker of potential iron deficiency @48, 507). Standards for
preterm andterm newborns havenot beenformally established.
A value> 80 pmol/mol heme has been used as an indicator of
iron deficiency in multiple studies of toddlers(262).

Reticulocyte hemoglobin and proportion of hypochromic
circulating red blood cells. Reticulocyte hemoglobin content
(reported as CHr, RetHe, RHE, RHCc by different hematol
ogy analyzers), the proportion of hypochromic red blood cells,
the ratio of microcytic to hypochromic red blood cells, as well
as various parameters of reticulocyte volume can be measured
by modern hematology analyzers %08, 509). These measures
may be helpful in the evaluation of anemia in the clinical set
ting. For example CHr is considered an optional approach to
establish iron status in young children with anemia %10, 511).
This group of methods has also been applied extensively to the
managementofiron statusandthe prediction of responsiveness
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the NHANESsurveys in the United States(the O £A OIOIEAAII téents with chronic kidney disease 612). However, their appli-

comprises three indicators,S-transferrin saturation, and red
blood cell protoporphyrin) (499).

As with adults, serum iron concentrations vary throughout
the day in newborns, infants, and toddlers. Because of the high
variation in serum iron and transferrin concentrations, percent
transferrin saturation is not used as a biomarker of iron status
in newborns.In the pastit wasemployed once postnatal enteral
feedings and growth had been established; percent transferrin
saturation can then be usefuin infants with parameterssimilar
to those for adults indicating the presence ofleficiency.

Erythrocyte protoporphyrin. Ferrochetalase catalyses theter-
minal stepin hemesynthesis,which converts protoporphyrin IX
into heme by the insertion offerrous iron. Zinc is analternative
metal substrate and ZPP is a normal metabolite that is formed
in trace amounts during normal heme biosynthesis§00, 501).
Erythrocyte ZPPis not increasedwith simple iron depletion, the
stageofiron deficiencywheniron delivery to the erythroid mar-
row is preserved.Whenthe iron supply canno longer meetery-
thropoietic requirements, erythrocyte ZPP rises progressively,
providing an index of the seveity of the functional iron defi-
ciency.

Using results of bone marrow examinations as the criteria
for stages of iron deficiency, erythrocyte ZPP has been shown
to provide a sensitive and specific measure of uncomplicated
functional iron deficiency (iron-deficient erythropoiesis and
IDA) (502). ZPP levels are established while red blood cells
are maturing and then remain unaltered for the mature red
blood cells lifespan ( ¥4 mo). Consequently, red blood cell
ZPP is ameasure the average iron availability to the ery
throid marrow during the preceding 3z4 mo. While increased
erythrocyte protoporphyrin is an early indicator of iron de-
ficiency, the result is not specific. Levels are also
with chronic lead poisoning, the anemia of inflammation,a-
thalassemia trait, U-thalassemia trait, hemoglobin E disease,
and some sickle cell carriers §03z505) and other less widely
discussed xenobiotic compunds (e.g., lead and other metals,
hexachlorobenzene, halogenated aromatic hydrocar bons,
pesticides, sulfides, and dihydropyridines) that disrupt heme
synthesis (506). Nevertheless, values> 150 pumol/mol heme
are highly swggestive of iron deficiency, usually with anemia,
rather than thalassemia(504). Other cut-off valuesto

cation to the evaluation of nutritional anemia, paticularly in
limited -resourcecountries, is constrainedby the costof purchas-
ing and maintaining the necessary analyticatquipment.

Serum transferrin receptor. Kohgo et al. §13) were the first
to identify TfR1 in the plasma by immunoassay. It is a single
polypeptide chain with a molecular mass of 85 kDa, being a
truncated fragment of the TfR1 monomer produced frontleaw
ageby aserine protease(514). It circulatesin the plasmabound
to transferrin and is usually called the soluble or sTfR. It can
also be called the plasma transferrireceptor. STfR concentra
tion is closely linked to cellular iron demands and therythroid
proliferation rate (515). When intracellular iron supply is re-
duced, cell surface TfR1 expression is upregulated in order to
acquire more iron. It is downregulated when there is sufficient
iron. Parallel changesin the concentration of sTfR occur.

The main source of serum sTfR ibone marrow erythroid
precursors (516). Once iron stores are exhausted, soluble TfR
values rise progressively as hemoglobin concentrations fall in
adults undergoing phlebotomy (517). By calculatingthe induced
iron deficit, Skikne et al. 17) demonstrated that the sTfRevel
provides a quantitative estimate of the size of the induced iron
deficit in iron-deficient adults. sTfR concentrations have also
been shown to correlate with the severity of iron deficiency
in young children (518) and with the evaluation of iron sta
tus based on stainable bone marrow iron §19z521). How-
ever, sTfR concentrations are also affected by the rate of ery
thopoiesis (515, 522, 523). When iron supply is not limiting,
the sTfR levelcan be used to monitor bone marrow erythropoi
etic activity (524).

When sTfR was measured in 12 nonanemic women aged
23730 y on 15 consecutive days under standardized conditions

increased the day-to-day variation was 8.1%, and therevere no signifi-

cant differences across the menstrual cycle. The conclusion of
this study was that one blood sample was sufficient to measure
sTfR (625). Although not typically used in newborns, infants,
and toddlers, the dvelopmental trajectory of plasma TfR has
been studied £26,527). Serum TfR increases during the first 4
mo of life and then remainsrelatively stableduring the first year
in breastfedinfants (528).

A number of lifestyle and environmental factors have been
reported to affect sTfR. Lower sTfR values were observed



among smokers in a crossectional study 629). Although high
consumption of alcohol is associated with liver damage and
changes in iron metabolism, sTfR values in alcoholics were-re
ported to be independent of weekly alcohol intake, age, dura
tion of consumption, length of abstinencetime of last drink,
and liver function tests (630). sTfR and sTfR/log ferritin in
dex were unaffected by oral contraceptive use5@1). In a study
examining iron status and nutrient intake in28 highly active
(> 12 h purposeful physicalactivity per week) and 28 sedentary
young women it was reported that although the active women
had higher iron and similar heme iron intakes, they had higher
sTfR, sTfR/log ferritin index and lower ferritin conaentrations
than the sedentary women §32). It is not possible to draw con
clusions about the etiology of the raised sTfR from this study
but other published literature in the field indicatesthat high lev-
elsof physical activity are associatedwith lower iron status.In a
cross-sectionalstudy that comparedthe iron statusof 234 obese
adults with that of 172 nonobeseadults attending an outpatient
clinic, the obese patients had a higher prevalence of iron defi
ciency ddined by sTfR and serum iron but not by ferritin(533).
The authors suggest that the hypoferraemia of obesity is due
to both true iron deficiency and inflammatory-mediated func
tional iron deficiency. By measuring serum hgcidin in obese
premenopausal women, TussindHumphreys et al. 634) were
able to investigate the reason for iron depletion irobesity. They
postulated that hepcidin is expressed in response to obesiy
related inflammation rather than changes in iron status, and
concluded that the iron deficiency of obesity is a true body iron
deficit rather than maldistribution of iron due to inflammation.
These observations suggest that sTfR is an accurate biomarker
of iron statusin obeseand overweight individuals. Finally, asys-
tematic review of the relationship betweenobesity and hypofer-
raemia (535) included 25 studies of which 10 examined iron
status in freeliving obese individuals and 15 reportedbaseline
iron biomarkers from bariatric surgery candidates. Nonobese
subjects were used as controls in only 40% of the studies and
STfR was measured in only a few of the more recent studies.
When reported, sTfR was slightly (and hepcidin was markedly)
elevated in the obese subjects, but it was not possible to draw
definitive conclusions due to insufficientdata.

A large (n = 221) cross-sectional study demonstratedthat
men with altered glucose tolerance had significantly increased
sTfR and ferritin values compared with normal controls 636).
There was a negative correlation between SF and sTfR. Insulin
sensitivity and glucose tolerance status were negatively corre
lated with sTfR.

sTfR concentrations are affected by rgthropoietic rate.
When iron supply is not limiting, STfR levels are proportional
to bone marrow erythropoietic activity (524). The evaluation
of suspectedIDA in the clinical setting must include informa
tion on conditions that impact erythropoiesis. The prevalence
of some thalassemia traits may complicate the interpretation
of sTfR levels in population surveys. sTfR concentrations are
raised in carriers of U%- and a-thalassemia trait. Nevertheless,
sTfR may still be infemative if diagnostic criteria are adjusted
to differentiate between iron deficiency and thalassemia traits
(5377539).

STfR/SF ratio. The sTfR/SF ratio has been shown to be more
reliable than either parameteralonefor the identification ofiron
deficiency (540). The sTfR/SF ratio proved to be the best pre
dictor of absent bone marrow iron in a large population of
schoolchildren with severe anemia and a wide véety of dis-
eases including bacteremia, hookworm infection, Hidisease,

and vitamin A and Bi2 deficiencies(541). However,the practical
utility of the sTfR/SF ratio for detecting iron deficiency in the
presence of inflammation is stillunclear. The sTfR/SF ratio has
also been shown to be the most sensitive indicator of a change
in iron status following iron supplementation (542).

Iron-deficiency anemia: hemoglobin, Hct, MCV, mean cor-
puscular hemoglobin, mean corpuscular hemoglobin con-
centration, RDW. The circulating red blood cells represent
the largest and most accessible functional compartent for
iron. The measurement of hemoglobin is both an important
screening tool for detection of iron deficiency and an impor
tant criterion for determining severity. The Hct or packed
cell volume was fairly widely employed in the past. How
ever, it provides no additional information if hemoglobin vat
ues are available. The sensitivity of hemoglobin as a screen
ing test for iron deficiency is low because there is consid
erable overlap in the in the hemoglobin concentrations of
healthy individuals and those with mild or moderate iron de
ficiency. Specificity is also poor since other causes of ane
mia are prevalent in Africa, Asia, the Mediterranean region,
and to some extent South America. The most important are
other nutritional deficien cies, particularly vitamin A deficiency,
infectious diseases (particularly malaria, HIV disease, and tu
berculosis), and inherited red blood cell disorders (particularly
the thalassemia syndromes and hemoglobin Hisease).

Changes in the red blood HBeindexes [reduced MCV
and mean corpuscular hemoglobin (MCH) and increased
RDW] are characteristic, but relatively late indicators of iron
deficient erythropoiesis. Reliable results are provided by
automated instrumentation. However, they lack speck ficity.
Several algorithms that allow iron deficiency to be
distinguished from other causesf microcytic hypochromic ane-
mia have been published %43, 544). They have nothowever,
gained widespread acceptance. Measurement of reticulocyite-
dexes, including the hemoglobin content of reticulocytes (CHr)
and the reticulocyte hemoglobin equivalent (Ret He) provide
earlier indicators of functional iron deficiency, but require spe
cific models of hematology analyzer and are generally not used
in field studies.

Hemoglobin concentrations are higher in newborn infants
(1307180 g/L) than in older infants, toddlers, and children
(>11049/L) (545). Anewborn with a hemoglobin concentration
<130g/L is consideredanemic,although the etiology of anemia
is much more likely to be due to blood lossor hemolysisthan
toiron deficiency.lron-deficiencyanemiaatbirth is extremely
rare becauseof the active transport of iron from mother to fe-
tus evenin thefaceof significantmaternal deficiency(177).In-
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6 mo of age hemoglobinnorms are the sameasolder children
andadults (> 110 g/L). The MCVis higher in newborn infants
due to the presence of fetal hemoglobin. Thus, thailization
of low MCYV as an indicator of iron deficiency is problematic.
TheRDWisalsoelevatedin neonatesastherelatively largerred
blood cells containing fetal hemoglobin (t1/= 60 days) are re-
placedby smallercellscontaininghemoglobinA.Standardsfor
hemoglobin, Hct,MCV,MCH concentration, andRDW after 6
mo of age have been published by the CDZ34, 546).

Implications related to inflammation for the interpretation
of biomarkers of iron status. The evaluation of iron status
in countries where infectious disorders, particularly recurrent
childhood infections, parasitic illnesses, HIV disease, atuber-
culosis,areprevalentiscomplicatedbythe behaviorof SFasan



acute-phase protein. Lowgrade inflammation is also common

in older people in all countries, confounding the use of SF as a
biomarker of iron status. On the other hand, sTfR concentra
tions are lessinfluenced by inflammation than SF(547), making

it potentially a more robust measureof iron deficiency than SF

in individuals suffering from infectious and inflammatory dis
orders, the ACD,and in the elderly (640, 548z551). However,
some prewalent infectious disorders, particularly malaria, may
be associated with increased sTfR levels because of changes in
eythropoietic rate (552).

Thesystemicresponseto infection or tissuedamageisaseries
of events known as the acutghase response (APR). The local
reaction is inflammation. The systemic APR may be induced by
infection, inflammatory disorders (e.g.obesity,diabetes, malig
nancy) as well as physical trauma. At the metabolic levehe
APRcomprisesthe increasedproduction (positive) or reduction
(negative) of a numerous APPs prior to the full activation of
the immune response. The main purpose of the APR is to pre
vent damage to the tissues by removing harmful molecules and
pathogens. The changes in the levels of APPs reflect changes in
their production by hepatocytes, which in turn are regulatedy
cytokines such as IE1, IL-6, and tumor necrosis factorJ acting
in a complex network 653). The implications of the APR and
inflammatory responseto nutrition andvice versawasthe focus
of a collaboration between NICHD and BMGF called Inflam
mation and Nutrition Science for Program/Policy and Interpre
tation for Research Evidence (INSPIRE)L28).

For the purposes of this review, it is important to acknowd
edge that biomarkers used to assess iron nutrition, particularly
SK(increasedin inflammation) andtransferrin (decreasedin in-
flammation), are APPs influenced bythe APR, which thus af
fects their selection, use, and interpretation. The case of SF of
fersanopportunity to explore the current efforts to addressthis
challenge. The patterns by which APP rise and fall with inflam
mation have been studied and evalted with the aim of using
concentrations of other relevant markers of inflammation to ac
count for the influence of inflammation on SF values to yield a
value that would reflect only nutritional iron status. The timing
of the increase, the extent of theise and the period over which
the concentrations of different APPs are elevated varieonsid-
erably depending on the specific APP and the type of infection
or inflammatory disorder (128,554, 555).

Northrop-Clewes 654) reviewed several studies to
compare the responses reported for SF and inflammatory
markers, including U-1-acid glycoprotein (AGP), CRP, U1-
antichymotrypsin (ACT), haptoglobin, and fibrinogen, to
infection or trauma (556). SF increased from its initial value by
an average of 2.5old, peaked at 4 d and was still elevated at
6 d. AGPhad a similar pattern to SF and increasedn average
2-fold, peaked between 2 and 4 d and was still elevated at 6
d. On the other hand, both CRP andCTrise and fall more
rapidly than SF.The average increase in CRP wasfol,
the peak value occurred at day 2. After 6 d the CRP was
approaching baseline ACTincreased 2fold, peaked at 2 d
and had decreased somewhat at day 6, but less so th@RP.
Haptoglobin and fibrinogen were still rising at day 6.

Thepotential of using SFto quantify iron deficiencyin pop-
ulations with widespread infections and inflammation haseen
the focusof considerablerecenteffort. Apartnership between
the WHO and CDC has convened a working group ad
dressthe useof SFasabiomarker for population surveillance.
Those deliberations are being informed by collaboration be
tween NICHD, CDC, Bi& Melinda Gates Foundation, and
the Global Alliance for Improved Nutrition (GAIN) calledhe

Biomarkers Reflecting Inflammation and Nutritional Determi
nants of Anemia (BRINDA) Project. Both projects have been
informed by the INSPIRE Project. INSPIRE included an effort
to identify potential approachesto accountfor the impact of the
APR/inflammation on selection and interpretation of biomark
ers.

Text Box 36 @94, 490, 557z559)outlines the primary ap-
proaches that were identified by the INSPIRE consultancy and
are now being evaluated by both BRINDA and the WHO/CDC
efforts.

Text Box 36

Potential approaches to account for inflammation

Algnore inflammation

Comment: the redistribution of the biomarker ofinter-
est without a real change in the total body content of the
micronutrient resultsin adistorted measurementof the mi-
cronutrient status.

AExclusion of the sample with elevated biomarkers of
inflammation

Comment: not useful in areas of high infectio burden
and other acute and chronic inflammatory disorders, e.g.,
parts of sub-Saharan Africa. as this approach could sub
stantially decrease sample size and could lead to an atypi
cal residual sample which would bias the resultespecially
if subjectswith iron deficiency are more susceptible to in
fection.

AcChange cut-off values

Comment: as the rise and fall of ferritin in response to
infections and inflammation is variable and time depen
dent, the sensitivity of diagnosis would be expected to be
low (490).

A standardization (to calculate the prevalence of mi
cronutrient deficiencyin thosewith andwithout inflamma-
tion, then calculate a weighted prevalence estimate usirgy
OOOAT AAOAG b OA OiAflammatiod). AOOE

Comment: too many uncertainties regarding preva
lence and type of inflammation and differences in
biomarker/APP response: temporal, direction (up or
down), and magnitude.

A Correction factor approach, e.g., Thurnham et al.
(557)

Concerns: differences in inflammatory response in
terms of developmental biology (infants compared with
adults, pregnancy, etc.), temporal changes in context o
acutecomparedwith chronic infection (APPselection; CRP
compared with AGP) and differences in relationships of
nutrient biomarkers to inflammatory markers (294, 558,
559).

Astatistical options/regression modeling

Comment: currentfocus of both WHO and BRINDA
projects.

These projects involve both systematic reviews of the rele
vant extant literature and de novo analyses of existing datasets
to explore the biomarker/inflammation relationship. The Text
Box 37 £60z565) summarizes some of the key findings of the
BRINDA project specific to the intersection of iron biomarkers
and inflammation.



Text Box 37

Summary of BRINDA Aims and Key Findings (5603565)
Aim 1:ldentify risk factors of inflammation asdefined
by the positive APPs): CRP and AGP
Alnflammation as indicated by elevated CRP ardiGPis
common in population-based nutrition surveys of women
of reproductive age (WRA) and preschool children (PSC).
AFactorsassociatedwith elevated CRPdiffer from those
associated with AGP.

-A consistent positive relationship was observed be
tween CRP and obesity amon@/RA

-A consistent positive relationship was observed be
tween AGP and stunting in PSC

Avariability in the factors associated with CRP 0AGP
suggest the need to measure these APPs directly to under
stand inflammation in populations.

AElevated CRP oAGPcould not be predicted by se
ciodemographic covariates

Aim 2: Assess the relationships between inflammation
and biomarkers of iron status and compare adjustment
approachesin pursuit of more accurateassessmentof mi-
cronutrient status of populations

Ferritin

AThe association with CRP/AGP was consistent in-al
most all data sets,and in both PSCand WRA.

AThe strength of correlation ranged widely between
countries and tended to be stronger in children than in
women.

ANo clear cutoff (threshold) for CRP oiAGPat which
there was a change in the relationship between inflamma
tion and ferritin was found.

BRINDA conclusion

AThe regression correction is proposed as an improve
ment to the correction factor approach to account for the
full range and severity ofinflammation.

AAdjusting for malaria in addition to CRP and AGP
did not significantly changethe estimated prevalenceof de-
pleted iron stores.

STfR:

AAssociation with AGPwas stronger and more consis
tent than associationwith CRPin both PSCand WRA.

BRINDA conclusion

AThe regression correction approach should be used
adjust TfR forAGPto account for the full range and sever
ity of inflammation.

AThe effect of adjusting the prevalence ofon -deficient
erythropoiesis (i.e., elevated TfR) for CRP waminimal
and inconsistent across surveys and therefore not recom
mended.

Aln most countries, adjusting for malaria in addition to
AGPdid not significantly change the estimated prevalence
of iron-deficient erythropoiesis.

Body iron index

ATherewasaslight positive associationwith CRPand
AGPin both PSC andVRA.

BRINDA recommendation

A Body iron index is affected by inflammation and
should be adjusted when estimating the prevalence of

low body iron index, particularly in children living
in areas with a high prevalence of inflammation and
infections.

AMalaria does not appear to have an additional effect
on body iron index that is independent of inflammation.

Aim 3: To assess factors associated with anemia
amongst PSCand WRA, and to estimate the proportion
of anemia associated with iron deficiency

Aln both PSC and WRA, the proportion of anemia -as
sociated with iron deficiency depended on the underlying
prevalence ofinfection/inflammation.

AThe proportion of anemic individuals with concomi
tant iron deficiency varied by the burden of infections
in the country and ranged from 30% to 58% in PS(
and from 35% to 71% in WRA. Inflammation was as
sociated with anemia in countries with high infection
burdens.

Analytic al Considerations

The physiologic aspects of the biomarkers of iron deficiency
were describedin the previous section.This section provides an
overview of the analytical aspectspf the tools and methodsused
to ensure the quality of the measurement, andf preanalytical
considerationsthat arerelevantto samplecollection, processing,
and storagebecausethey mayaffectthe measurementresults for
these biomarkers. In addition to the presence of stainable iron
in the bonemarrow, iron status biomarkers @an be categorized
into hematological (red blood cell parameters) andiochemical
indicators (mainly serum-based parameters, but also erythre
cyte protoporphyrin). Most analytical methods that measure
these biomarkers are well established and widely usediclini-
calpractice,program evaluation,andresearchsettings.Theyare
relatively simple analytical techniques compared to techniques
used to measure other nutrients in biological samples, yétere
are remaining issues with regards to assagomparability and
standardization. This section summarizes the advantages and
disadvantages of common analytical methods used to measure
whole-blood-based (Table 9) and serumbased(Table 10) iron
status indicators.

Stainable bone marrow iron

ThePrussianblue stain (potassiumferrocyanide) is usedto stain
bone marrow aspirates or biopsies. Most of the stainable iron
is hemosiderin located in macrophages. Roughly half of the
nucleated erythroid precursors also contain small cytoplasmic
iron granules(sideroblasts). The amount and distribution of the
stainableiron provides asemiquantitative estimate of the sizeof
bodyiron stores(566). The evaluation of bone marrow requires
an experienced observer and careful attention to detail. Absent
bone marrow iron may be reported in aspirates that contain in
sufficient bone marrow stroma for adequate evaluation §67).
Iron contamination may occur if acidwashed glassware and
slidesare not used.lron may be leachedout of biopsy specimens
during decalcification. Finally patients who have received some
types of parenteral iron such as iron dextran that argrocessed
in macrophages may havetainable bone marrow iron despite
being iron deficient because the iron is in a form that is not
easily mobilized (668). In malarial regions, hemozoin (malarial
pigment) in the bone marrow may be misidentified as storage
iron (521).
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TABLE 9 Advantages and disadvantages of the main methods used to measure-sloold-based iron status indicatots

Indicator Method Advantages Disadvantages
Hemoglobin HemoCue MBatteryoperated, haneheldinstrument ARequires freshly collectdrood
APointof contactresultcanbe reportedto the participant ACapillarybloodsamplingechniqueneedstobed & G I y R ltodiRiicbrSideéableariability
ARequires one drop of blood
ACan be performed from a fingstick
Alnexpensive
ASuited for lowresourcesettings
Automatedflow cytometry AFullyautomatedinstrument ARestricted to laboratorgetting
AAvailablén mosthospitals AUsuallyequiresvenousbloodfromwhichtheanalyzeaspiratesaismallamountofspecimerthroughasmalkboretube
AGoodorecision Anstrumentationrequiresregularmaintenanceandperiodictechnicalservice
ADifferentblood cellscanbe counted;resultscanprovide
insight on general heal#tatus
Hematocrit or Microcentrifuge Asimple andnexpensive ARequires freshly collectdrdood
packedcell
volume Alnstrumentisportable ARequires stable poweupply
ARequires 100uLblood APoorreproducibility
ASuitabldor low-resourcesettings ABloodmayspillinto centrifugeif capillariesarenot properlysealedor if they break
Automatedflow cytometry AFullyautomatedinstrument ARestricted to laboratorgetting
AAvailablénmosthospitals AUsuallyequiresvenousbloodfromwhichtheanalyzeaspiratesismallamountofspecimerihroughasmalkboretube
AGoodprecision Anstrumentationrequiresregularmaintenanceandperiodictechnicalservice
ADifferenthoodcellscanbecounted;resultscanprovide
insight on general healtatus
Erythrocyte Hematofluoromete(ZPPZPP/H) ASimplenstrumentation ARequires freshlgollectedblood
protoporphyrin Acarbeusednthefield,if setupinonelocation(donot ANeeds stable power supply (voltaggulator)

Chemical extraction with
conventional fluorometry (free
erythrocyte protoporphyrin)

placein directsunlightor in adraft)
APointof contactresultcanbereportedto the participant
ARequire®nedropofblood
ACarbeperformedfromafingerstick
Alnexpensive

AOlderor frozenEDTAnticoagulatecbloodcanbe used

ADriedbloodspotscanbeused

ARequirenly20-uLspecimerpertest

ARequires relativelipexpensivéluorometer

ACarbedonewith washecerythrocyteswhenusingfresh
blood)to removepotentialfluoresceninterferences

AModerateprecision

AFluorescent interferencesossible

ATechniquésimportant (oxygenateblood sampleif not freshlycollected)
Anstrumentrequiresreadjustmentafter moving(opticsget misaligneceasily)
Acalibration has to be done at ttiactory

AManual multistepassay

ARequireshemicafumehoodduetotheuseofethylacetate/acidi@cidanddilutedhydrochloriacid fumesareirritating

AModerate precision (need fatuplicates)

ARequiresompletehemolysiofcells(eitherthroughfreezingor dilution of freshwholeblood1:5with saline)

AExternafluorescentcontaminationpossible(from woodenapplicatorsticks glasswarawith soapresiduessomehand
lotions)

ANondisposablactinicglasswareeedsto be washedwith 10%(v/v) hydrochloricacidandthoroughlyrinsedwith
deionizedwater, becauseoncentratedacidsquenchfluorescence

Aworkundersubduedight conditions particularlywhenhandlingcalibrators

ARequires Hct to correct for packeells

Hct, hematocrit; ZPP, zinc protoporphyrin; ZPP/H, zinc protoporphyrin/heme ratio.
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TABLE 10 Advantages and disadvantages of the main methods used to measure $@seu iron status indicatots

Indicator Method

Advantages

Disadvantages

Serum iron, TIBC,
or UIBC

Colorimetriassay

Clinical chemistry
analyzer (colorimetric)

Atomic absorption
spectrophotometry

Seruntransferrin Immunoassay on

analyzer
Serunferritin ELISAssay
Immunoassay on
analyzer
Serumsoluble ELISAssay
transferrin
receptor

Immunoassay on
analyzer

ARequireselativelyinexpensivephotometricinstrument

ARelativelynexpensive

AHighsamplethroughput

AQuickturnaroundtime to first result

AAvailablen commerciakit form for severainstrumentplatforms
AMinimumoperatorinvolvement

AGoodprecision

ARelatively low reagertost

ARelativelsimpleprocessing
AQuickanalysigime
AGood precision

AHighsamplethroughput

AQuickturnaroundtime to first result

AAvailablen commerciakit form for severainstrumentplatforms
AMinimumoperatorinvolvement

AGood precision

ARequiresmalto moderatesamplevolume(50¢100uL)

ARequireselativelyinexpensivenicroplatereader(450+ 10nmfilter)
AAvailablén commerciakit form from severamanufacturers

AHighsamplethroughput

AQuickturnaroundtime to firstresult

AAvailablén commerciakit form for severainstrumentplatforms
AMinimumoperatorinvolvement

AGood precision

ARelatively low reagentost

ARequiresmallsamplevolume(O50uL)

ARequireselativelyinexpensivenicroplatereader(450+ 10nmfilter
plussecondilter for 550¢650nm)

Aavailabléncommerciakit form fromfewmanufacturers

AHighsamplethroughput

AQuickturnaroundtime to firstresult

AAvailablein commerciakit form for severainstrumentplatforms
AMinimumoperatorinvolvement

AGoodprecision

AManual multistepassay

ARequiredairly highsamplevolume(O500uL)
ARigorous elimination of irocontamination
AModerateprecision

ATypicallyrequiressamplevolumeof O150ulL

ANocontroloverlot-to-lot variabilityor assayecalibration/reformulation
AModerately expensivistrumentation
Anstrumentatiorrequiresregulamaintenanceandperiodictechnicakervice

ARelatively expensivastrumentation
Anstrumentationrequiresregulamaintenanceandperiodictechnicakervice

ATypicallyrequiressamplevolumeof O150uL

ANocontroloverlot-to-lot variabilityor assayecalibration/reformulation
AModerately expensivinstrumentation
Anstrumentationrequiresregulamaintenanceandperiodictechnicakervice

Avianualassayseverapipetingsteps;adherenceo stricttiming
EPlatewasheisrecommendedinsufficientwashingnayresultinpoorprecision
AModerate precision (duplicateecommended)

AReagentostcanbe moderatelyhigh

ATypicallyrequiressamplevolumeof O150puL
ANocontroloverlot-to-lot variabilityor assayecalibration/reformulation
AModerately expensivinstrumentation
Anstrumentationrequiresregulamaintenanceandperiodictechnicakervice

AManualassayseverapipettingsteps;adherenceo stricttiming
APlatewasheiisrecommendedinsufficientwashingnayresultinpoorprecision
AModerate precision (duplicateecommended)

AReagent cost can be moderathlgh

ATypicallyrequiressamplevolumeof O150uL
ANocontroloverlot-to-lot variabilityor assayecalibration/reformulation
AModerately expensivinstrumentation
Anstrumentatiorrequiresregulamaintenanceandperiodictechnicalservice
AModerately high reagentost

TIBCtotal iron-bindingcapacity UIBCunsaturatedron-bindingcapacity.



Hematological parameters

Hb. Hb measurements, used to assess anemia in an individ
ual or in populations, arewell standardized and provide good
precision (Tables9 and 11). The accepted reference method
for the determination of Hb in human blood is the photomet
ric determination of hemiglobincyanide (cyanmethemoglobin)
(569). This method reliably measures all Hb variants except
sulfhemoglobin. Red blood cells are lysed and potassiufer-
ricyanide, which oxidizes Hb to methemoglobin, is added.
Methemoglobin combines vith potassium cyanide to form
cyanmethemoglobin. The brown color is measured spectropho
tometrically. The end point of the reaction is stable and the
reaction is linear to®20 g/dL. However, reagents for cyan
methemoglobin are light sensitive and poisonos. This method
is the benchmark against which all other methods are evalu
ated. It is the basis for Hb measurements on most automated

above, measurement of reticulocyte indexes (CHr and Ret He)
require specificmodels of hematology analyzers and are gener
ally not used in field studies.

Biochemical indicators

Erythrocyte protoporphyrin. Porphyrin compounds fluoresce
in the red portion of the spectrum when excited by light at a
wavelength corresponding to theirSoret absorption maximum.
ZPPcanbe measureddirectly by either reflective fluorescencein
ahematofluorometer or after extraction of the zinc moiety using
ethyl acetate and hydrochloric acid. The free erythrocytproto-
porphyrin (FEP)is measuredby conventional fluorometry atan
excitation/emission wavelength of 405/620 nm (Table9). Both

FEP and ZPP should be interchangeable with the tethA O U-O E O
4EA
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Clinical Laloratory Standardization (NCCLS) EP testing guide

cell counter analyzers and for hanee AT A OOA OA AT ETligeds74 dndnahaktidleéxy JohnBeard(575) discussedthesetwo

this field-appropriate technology, whole blood is colleted into
a disposable cuvette containing reagent in dried form for Hb
measurementsandcyanmethemoglobinor azidemethemoglobin
is measured with a simple, portable, dedicategphotometer.

The HemoCue is one such portable device that has been
used worldwide to assess anemia rates in various populations.
For tips on how to use the HemoCue instrument, how to col
lect a valid specimen, and how to avoid common mistakes, the
reader is referred to the Micronutrient SurveyToolkit (570) and
a manual published by Helen Keller International §71). Differ-
ent HemoCue models are available (Bb, Hb201, and Hb
301); the two newer models (HB201 and Hb301) no longer
require the use of a control cuvette due to an internal setest.
The Hb-301 additionally offers an extended temperature range
(10z40°C) for the storage of cuvettes compared to the previous
models (15z30°C). This latest model measures absorbance of
whole blood atan Hb/BbQ; isobestic point with turbidity com-
pensation and does not require hemolysis of the sample. The
instrument is factory calibrated against the reference method
from the International Council for Standardization in Haema
tology (ICSH), needs noutther calibration, and has no active
reagentsin the cuvette.Usingvenousblood from adult volunteer
donors, good comparability of the BHb and Hb201 models
wasdemonstrated(572), but systematicdifferencesbetweenthe
Hb-301 (2.6% higher) and Hb201 models were found 673).
The exposure of cuvettes for all three models to elevated tem
perature (37°C) for up to 3 wk had only minimal effects € 1%)
on Hb results 672). However, exposing the Hb201 cuvettes to
moisture and elevated temperature caused them to fail within
minutes, whereas the HB301 cuvettes withstood those condi
tions for 3 wk (573). Thelargest source of error with this tech
nigue is the use of improperly collected capillary samples. This
issue is discussed in the preanalytical factorsection.

Hematocrit. The Hct does not offer new or additional informa
tion about anemia beyond Hb andinless the value is needed as
a measure of packed cells to normalize other bloedased mea
surements, measuring the Hct in the field is probably natorth
the effort. Field assays are often unreliable because of difficul
ties encountered in calibratingportable centrifuges.Automated
cell counter analyzers provide calculated Hct results as part of
the complete blood count profile(Table 9).

Other red blood cell parameters. The MCV, MCH, and
RDW are also part of the compdte blood count profile ob
tained from automated cell counter analyzers,but are no longer
commonlyusedin thediagnosisofiron deficiency Asindicated
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analytical approachesin detail aswell asthe variety of reporting
units and equations used to convert units. The main advantage
of the chemical extraction method is that it does not require
freshly collected blood.However,the procedure is complex and
requires chemicalsthat posesafetyhazards.Thesemay be some
of the reasonswhy it is no longer widely used.

The simpler hematofluorometer method has beeemployed
more often in the recent past,particularly to screenfor elevated
EP values as a result of iron deficiency or lead poisoningahil-
dren. Thismethod has several advantages for field studies: the
instrument provides a direct estimate of the ZPP/H, only drop
of capillary or venous blood is required, the volume of the sam
ple need not be measured, and neither processing nanticoag
ulation is required. The excitation light at 415 nm is focused on
the bottom of a drop of blood on a horizontal glass slide at an
angle of 37 to the vertical. The light emitted from the sample
at 596 nm is collected below the sample and is proportional to
the ZPP/H.Calibration standards are supplied by the manufac
turer. While this direct approach is attractive for studies inow-
resourcesettings,two factorslimit its use.Mostimportantly, the
instrument requires frequent recalibration to ensure appropri-
ate alignment of the filters and mirrors if it is transported under
unfavorable conditions. It has to be shipped back to the manu
facturer for this to be done.A secondaryconcernis inter ference
by non-porphyrin fluorescent compounds, such as bilirubin, A
boflavin, and certain medications, that may be present in the
plasma. The accuracy of the estimate can be improved by using
saline-washed erythrocytes. Continued problems with calibra
tion, sources of bias, and discrepancies in results between the
major manufacturersof theseinstruments havecomplicatedthe
use and interpretation of ZPP/Hassays.

Serum iron, TIBC, and transferrin saturation. The serum
iron pool represents the amoun of ferric iron (Fe") that is in

transit through the circulation bound to transferrin. Three as

sayresults are customarily reported together,namely the serum

iron (SI), the transferrin concentration, usually reported as the
quantity of iron that canbe bound to transferrin (TIBC),andthe

TSAT (=S| X00/TIBC) (675). The utility of SI and TSAT as

screeningtools for iron deficiencyis, however, limited by the cir-

cadian variation, the confounding effects of infetious diseases,
and many other clinical disorders.

Analytical methods for S| are either based on colorimet
ric principles (manual assay or using automated analyzer) or
direct assay by atomic absorption spectrophotometry 100,
576) (Tables 10 and 11) (577z579). The former approach
is available in most clinical laboratories, whereas théatter



TABLE 11 Available referencenaterials and proficiency testing programs for iron status indicators

Indicator Referencenaterials Selected list of Pprograms

Hemoglobin NIBS@S98/708(dilute solutionof hemiglobincyanid@roducedfrombovineblood; CAP Hematology and Clinical Microscopy Survey
49.8umol/L [803.3 mg/L]; consensus value)

Serumiron NISTSRM37(ironmetal);NISTSRMB126A(ironstandardsolution) CARChemistnSurveyandCaN/LSurveylUKNEQAS

Serunferritin
consensusalue)

Serum soluble transferrin
receptor

NIBS®M94/572(humanplasmafreezedried;recombinant6.3ug/ampoule;

NIBS®RR07/202(humanserum freezedried;recombinant21.7mg/Land303
nmol/L [free sTFRmonomer]; gravimetric/spectrophotometricvalue assignment)

CAP Chemistry Survey and Cal V/L Survey; UK NEQAS

CAP Soluble Transferrin Receptor Survey

1Referencenaterialsfoundonline(577,578). CalN/L,CalibrationVerificationandLinearitySurvey CAPCollegeof AmericarPathologiststS internationalstandard;NISTNational
Institute of Standardsand TechnologyPT proficiencytesting; RM, referencematerial;RR round robin; SRM standardreferencematerial;sTfR serumtransferrinreceptor; UK
NEQAS, United Kingdom National External Quality Assessment Service. Adapted with permission from =férence

approach is mostly available in research laboratories. Both ap
proaches are wellestablished procedures that have been avail

effect, interference by nonferritin proteins, and antibodies to
some animal proteins. None of them seem to cause notewor

able for decades. In 1998 the NCCLS approved standards for thy issueswith current assaysGenerally ferritin assayssompare

the determination of serum iron, TIBC, and'SATand provided
a detailed description of the colorimetric manual laboratory
procedures (5680). While rigorous elimination of iron contam
ination has been a critical concern for the manual colorimetric
assay,this has not been a problem with the use of automated
analyzers.

The concentration of serum transferrin can be measured €i
ther directly by immunologic methods or by the use of th&IBC
as a proxy measure of transferrin {00, 576). The TIBC assay
is identical to the Slassaybut applies an additional step (satu
ration of iron-binding sites of the transferrin molecule with ex
cess iron) followed by the removal of the unbound iron. Most
clinical analyzers actually measure the unsaturated iron bind
ing capacity (UIBC) because it is more easily automated; the
TIBC cortentration is then calculated by summing Sl and UIBC
concentrations. This works well for the detection of iron deple
tion when S| concentrations are low and UIBC concentrations
are high; however, in the presence of iron overload the mea
surement of verylow UIBC concentrations may result in rela
tively high method imprecision. In an interlaboratory compar
ison study, Blanck et al. 681) found no significant differences
in Sl, TIBC, or UIBC results among methods [and lowitkin -
method variation for SI(CV< 3%)] regardlessof the chromogen
used to form the color complex with iron (ferine or ferrozine)
and whether the automated methodswere corrected for copper
and protein.

Serum ferritin. The measurement of SF is avell-established
routine procedure carried out by clinical laboratories (Tables10
and11). Toallow for high samplethroughput, mostlaboratories
use fully automated immunoassays for which seval manufac
turers produce commercial kits for various analyzer platforms.
If alaboratory doesnot haveaccesdo aclinical analyzer,a man-
ual ELISA can be used!f2,582). Commercial kits from several
manufacturers are available for this type ofssay.While proce-
dures for the analysis of ferritin in plasma or serum %83, 584)
spotted onto filter paper havebeen published, they have been
only rarely utilized. Procedures for the storage and transport of
dried plasma or serum spots are more convenient than those
for frozen samples;however,a centrifuge (and electrical power)
is still needed. While ferritin can be measured in dried blood
spots,its usefulnessis diminished by the releaseof much higher
ferritin concentrations from hemolyzed erythrocytes (585).
Worwood (490) discusses potential pithlls in the analysis of

reasonably well across methods, with a CV of £05% (586);
however, an improvement in comparability would be desirable.
Agreement among laboratories performing the same method is
good (CV< 10%) (586).

Serum transferrin receptor. Immunoradiometric assays and
ELISAs were initially developed for the measurement of
STfR. They were later followed by lateyenhanced immunoas
says (nephelometry and turbidimetry) and more ecently by
fluoroimmunoassays and immunofluorometric assays %30)
(Tables 10 and 11). While microplate ELISA assays have been
employed for > 20 y, commercial kits that can be used on fully
automated clinical analyzers have only been available more 1e
cently (587,588). The usefulnessof commercialassayshasbeen
severelylimited by severalfactors.Thevariousassaysexpressre-
sults in different units (mg/L and nmol/L). There is pooragree-
ment between different kits. An international reference stan
dard has been available since 2010 but its use has been limited
due to commutability questions. Tke poor comparability across
assays b89) is likely to be due to manufacturers using differ
ent calibrators (TfR isolated from human placenta, not com
plexed to transferrin; sTfR extracted from serum either in free
form or complexedwith transferrin), different antibodies (mon-
oclonal or polyclonal),and even different reporting units (mg/L
and nmol/L) (530). Standards derived from placental TfR have
produced higher TfR assay values than staards isolated from
serum (590). This lack of commutability, and the relativelyhigh
reagent cost, are some of the reasons why sTfR measurements
have not been widely adopted in clinical practice. Methods for
sTfR measuremenusing dried blood spots have been reported
(585,591).

Measuring several iron status indicators in one assay. Er-
hardt et al. 692) have developed an inexpensive and sensitive
sandwich ELISA assay that allows the combined measurement
of ferritin, sTfR, CRP,and retinol binding protein in 50 pL of
serum or plasma. It is a convenient option for evaluating iron
and vitamin A status andat the same time, accounting for the
effect of infection or inflammation. The current assay also in
cludes the measurement ofAGP.a sensitive acutephase reae
tant that captures the response to inflammation over a longer
time period (4z5 d) compared toCRP (%2 d). This assay has
beensuccessfullyapplied to numerous micronutrient surveysin
low-resource settings where the specimen volume was insuffi
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TABLE 12 Cutoff values for erythrocyte protoporphyrin, serum ferritin, and transferrin
saturation by stages of iron status and by population gra24s8)

Population group

<5 yofage 05y ofage
Erythrocyteprotoporphyrin
Ironoverload Normal Normal
Normalironstatus Normal Normal
Irondepletion Normal Normal
Irondeficiencywith or without anemia > 70g/dLRBC > 80ug/dLRBC
> 2.6pg/ghemoglobin > 3.0ug/ghemoglobin

Serum ferritin ug/L
Severgiskofironoverload

Depletedronstoresnthepresencefinfection
Depletedronstores
Transferrin saturatiorf/o
Ironoverload
Irondeficiencyanemia

> 61mmol/molheme > 70 mmol/molheme

Nocutoff > 200 (adultmales)
> 150 (adult females)
<30 No cutoff
<12 <15
>60c70
<16

following shortcomings:1) the interassayvariability is generally
higher than that of commercial fully automated assays, necessi
OAOET ¢ OEA O0OOA
analysis of a material with a known value?) the assay has not
yetbeenreliably transferred to laboratories in low-resourceset-
tings; and 3) some of the antibodies used in the assay are no
longer commercially available.However, given that this assay
is a desirable and promising platform for future applications,
the CDC is evaluating modifications of the assay to inpm-
rate currently commercially available antibodies and improve
its ruggedness in the hopes that it will allow successful teeh
nology transfer to low-resource settings.PATHin collaboration
with Quansys Biosciences have recently developed a commer
cially available multiplex ELISA assay for simultaneous quan
tification of iron (serum or plasma ferritin and sTfR), vitamin
A, and inflammation status markers $93). The reagent costs
for this assay are lower than purchasingseparate commercial
kits for each indicator and processing time and specimen vol
ume are reduced.However, the performance of this assay re
quires the following further improvements: 1) to the calibra-
tion system by using purified or recombinant antigencocktails
instead of a commercially available control that does not pro
vide optimal concentration ranges for each indicator2) to the
precision? currently the interassay CV for ferritin is9.3714.1%
and for sTfR 7.3713.5%; and3) to the correlation of this assay
with conventional ELISA assays satisfactory correlation was
obtained for ferritin (r=0.951), but the correlation was too
low for sTfR (r=0.606). Furthermore, this assay will have to
be comparedto establishedmethodsfor which the performance
with reference materials is known andacceptable.

Interpretation  of data and cutoff values

(Tables 12 and Table 13)

Therearethree stagesin the developmentofiron -deficiencyane-
mia: iron depletion, where the amount of storage iron is re
duced (low SF); ironrdeficient erythropoiesis, which represents
restricted iron supply to the bone marrow and thereby mildtis-
suedeficiency(transferrin saturationisreduced,sTfRandEPare
increased); and finally IDA, where iron-containing functional
compounds including Hb are underproduced (low Hb). In situ
ations of chronic disease, anemia can develop without an initial
iron deficiency, sacalled ACDIn the presence of ironoverload,

indicators of storage and transport iron are elevated (high SF
and transferrin saturation).
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System (VMNIS) document provides a summary of cutoff val
ues for Hb for the diagnosi®f anemia and assessment of sever
ity by population group (236). This document also provides ad
justments for altitude and smokers. The older WHO guide for
program managers provides cutoff values for Hct for the same
population groups as well as for EP and ferritin for children

<5y of age and persons@ 5y of age and for TSRIq). Be

cause of large assay differences in the measurement of sTfR
(589), tEA | AT O&AA Odeg
been used. The Ramco enzyme immunoassay, the first com
mercially available sTfR kitassay,reported a normal range in
healthy volunteers of 2.28.3 mg/L (594). Mei et al.(595) de-
rived cutoff values (97.5th percentile in a defined healthyefer-
encepopulation) for two vulnerable USpopulation groupsusing
data from NHANES 20032010 as 6.0 mg/L for children 5y
and 5.3 mg/L for nonpregrant women 15249 y. The NHANES
data were produced using the Roche Tinguant sTfR assay,
which yields values that are on average 30% lower than those
from the Ramco assay487).

Since the inception of NHANES in 1971, spial focus was
dedicated to monitoring the iron status of the US population
(596). Each NHANES has included a battery of hematologic
and biochemical indicators of iron status $97). Since NHAIES
11 (1976280), models that employed multiple biochemical iron
status indicators have been used to define iron deficiency the
population (598). In 1980, the ferritin model, also known ashe
three-indicator model, was developed and applied to NHANES
Il (1988794) as well as to the first few years of the continu
ous NHANES survey beginning in 1999. In this model, partic
ipants who had two out of three abnormal iron status indica
tors (SFtransferrin saturation,anderythrocyte protoporphyrin)
were categorized as iron deficient. Reference data for various
hematological and biochemical iron status indicators measured
in persons 1 y and older during NHANES Il have been-re
ported as part of a National Center for Hedit Statistics Se
ries 11 report (599). Reference data for biochemical indicators
measured in persond 1 y from NHANES 1992002 were in-
cluded in the# $ #MNatibnal Report on Biochemical Indicators
of Diet and Nutrition in the US Population 19992002 [the First



TABLE 13 Relationships between biomarkers and iron status

Sustainable bone Serum Transferrin Erythrocyte Serum transferrin
Iron status marrow iron ferritin saturation protoporphyrin receptor Hemoglobir
Iron-deficiency anemia Absent Low Low High High Low
Iron-deficient erythropoiesis ~ Absent Low Low High High Normal
Iron depletion Absent Low Normal Normal Normal Normal
Normal iron status Normal Normal Normal Normal Normal Normal
Iron overload Normal or increased High High Normal Normal Normal
Nutrition Report (429)]. Starting in 2003, NHANES limited the AAAAOOA OAT AU EOIT16 EO 110 A 1A

population of interest to children (1z5 y) and women of child  in the il A E O E Bo@yAli pfoddes a quantitative estimate of
bearingage(12z49y). Furthermore, the measurementof serum  the size of the body iron store when iron is present in the store
sTfR was introduced, which allows the evaluation of iron status (values >0 mg/kg) or the size of the functional iron deficit that
by the body iron model £48). Reference data for ferritin, STfR, would need to be corrected before iron could again be aceu
and body iron for children and women of childbearing agewere mulated in the store in an individual who is iron deficient (vat
reported as part of the# $ #Secdnd Nutrition Report600). ues® mg/kg). Some investigators have proposed that the term

While SF is the most sensitive index of iron status as long OAT AU EOI T ET AA@6 [ ECECEPAkdel T OA
as residual iron stores are available, this biomarker does not AEAAA O1 OOA OEEO OAOI8 / OEAO O
reflect the severity o the depletion as it progresses; sT/Rcon AT A GQTAAATEOT T 00T OAOho EAOA Al O
centrations, on the other hand, continue to rise with increasing the literature and TBI is often usedasan abbreviation.
functional iron deficiency. Because of the reciprocal changes in Advantages of the body iron index estimate include the fol
ferritin and sTfR, the ratio of sTfR/SF is a valuable measure lowing. It is conceptually easy to interpret. The results provide
of the extent ofiron deficiency (517). At least three different  adistribution of quantitative estimates for individuals in a pop-
approaches have been used to calculate this ratio. With each ulation sampleand do not dependon dichotomousassignments
approach, cutoff values to interpret the ratio are differentFur-  based on cutoff values. It is possible to estimate the quantita
thermore, the ratios are derived from differentsTfR assays and tive impact and bioavailability of a fortification or supplemen
there is confusion in the scientific community as to what assay tation intervention based on the change in body iron stores
data can be used with whichratio. and the cumulative consumption of supplemental or fortifica

tion iron. Finally, the method has been adopted for NHANES

sTfR index. The sTfR index is calculated as the ratio of surveys that will provide a useful database for the comparative
sTfR/log SF and was introduced by Punnonen et al6@l) as  evaluation of future surveys. The major limitation is that the
a parameter for the identification of persons with depletedron body iron stores equation derived from the phlebotomy study
stores. A subsequent review article presented cutoff values for has only been validated using the ihouse ELISA sTfR assay
the sTfR index (mg/L) to distinguish betweenACD(<1) and  developed by Flowers et al. §16), which is putatively equiva-
IDA (> 2) or both conditions (>2) (602). A recent prospective  lent to the Ramco sTfRassay.Toenable the use of body iron in
multicenter clinical trial compared the diagnostic accuracy of dex in NHANES, the CDC established the relationship between
sTfR and the sTfR index for differential diagnosis oACDand  the Roche assay used in NHANES and the Flowers assay in a
IDA using the automated Access Beckman Coulter instrument method comparison study: Flowers sTfR4.Roche sTfR
(540). The authors found that the sTfR index was superior to + 0.35 mg/L (587). The CDC also showed that the Roche and
sTfR and use of all three parameters in combination more than Ramco sTfR assays compare similarly to the Roche and Flow
doubled the detection ofIDA from 41% (SF alone) to 92% (fer ~ ersassayswhich indirectly demonstratesthe equivalenceof the
ritin, sTfR, and sTfR index). The cutoff value fdDA or a com Flowers and Ramco sTfR assay${7). Data from other sTfR
bination of IDA and ACDwas >1.03 mg/L. The authors claim assays that produce different results from either the Ramco or
that the sTfR index has higher sensitivity/specificity than the the Roche assay cannot be directly used on the body iron index
sTfR/ferritin ratio. The interpretation of the sTfR index is as equation. It is generally assumedthat a body iron index value of
say dependent. The proposed cutoff values for the sTfR index O should be the criterion for defining iron deficiency.However,
derived from the Access Beckman Coulter instrument can only consideration should be given to revising this definition for the
be used by other methods if those methods generate compara following reasons:
ble sTfR and ferritin results to results generated by the Access

Beckman Coulterinstrument. 2 An optimal iron supply may depend on the presence of a
small amount of storage iron, i.e., the immediate returiof
Body iron index. The logarithm of the ratio of sTfR/SFis lin- iron derived from hemoglobin processing in macrophages

early related to body iron stores expressed as mg per kg body may not be quantitatively complete.

weight, as derived from a phlebotomy study (14 healthy adults 2 Cogswell et al. 247) used NHANES 2008006 data to
aged24z46y,6 menand 8 women) in which iron statusandiron compare the estimated prevalence of iron deficiency in US
deficit were assessed. The formula for this relationship [using women aged 1249 y based on calculated body iron index
both sTfR (Ramcerelated assay) and SF ipg/L] is as follows: with that derived for the ferritin model. Theestimatedpreva-
body iron (mg/kg)=z[log(sTfR/SF) z 2.8229]/0.1207 (248). lences of iron deficiency based on the ferritin model were
The investigators who developed tis methodology coined the 15.6% and 15.7% for women aged 1219 and 2(x49 y re-

OAOI OAT AU EOIT6 AT A EO EAO ¢ Aspdctikely. Howgvarfodyo3% Andl 9. XFovdnzOraspek A  E 1
the literature (517). However, for many readersit is confusing tively had body iron index values < 0. Had they employed



a higher cutoff, say 2 mg/kg, the prevalence values for the
body iron index and ferritin models would have been com
parable. Examination of their figure describing the relatiorr
ship betweenanemiaprevalenceandthe distribution of body
iron index valuesprovides somesupport for this suggestion.
Approximately 20% of women with a body iron index of
0 are anemicHowever,anemia prevalence approaches zero
at body iron index values> 2 mg/kg, suggesting the iron
deficiencyis the mostimportant causeof anemiain this pop-
ulation and that a small iron store is necessary for optimal
erythropoiesis.

iSi mpl eodo r atferdtin. nfa phl@bbtémy t siudy,
Skikne et al. 617) also calculated the ratio of TfR to ferritin
(1g/ ug). The ratio increased from< 100 in those with am
ple iron stores to > 2000 in those with significant functional
iron deficiency. A rise>500 occurred when stores were fully
depleted (iron stores of 0 mg/kg). This approach has been
adopted by several investigators 245, 603, 604). The advan
tage of this measure is that the calculation is simpler than for
body iron. As with the other two measures, the interpretation
of this ratio is again assay dependent because the cutoff value
for depleted stores has been established with the Ramcassay.

Laboratory infrastructure

While two of the iron status indicators, Hb andZPPcan bemea-
sured quickly andinexpensivelyin the field, the fieldwork canbe
expedited and errors minimized if a venous whole blod sam
ple is collected during theday,stored on cold packs in @hipper,
and all the laboratory work is conducted at the end of the day
in a centralized laboratory using a minimum number of instru
ments and fewer analysts. While one team can centrifugee
red-top tubes to obtain serum for biochemical measurements,
the other team can conduct Hb and ZPP measurements as re
quired. Sixty samples collected during the day by three or four
teams can be processed inZ3 h with two well-trained and or-
ganizedassistants. It is therefore important to have at least one
back-up HemoCue instrument for every three field teams and
one backup hematofluorometer, should the primary machine
fail or not work properly.

All other biomarkers require at the minimum a midlewel lab-
oratory infrastructure that guarantees uninterrupted electrical
power supply for a freezer, refrigerator, and the operation of
analytical instrumentation, including a water purification sys
temthat provides deionizedwater. Protection of specimensfrom
direct sunlight and artificial light is highly recommended for
EP testing. Manual ELISA assays require several pieces of in
strumentation, but they are comparatively lessexpensivethan a
clinical analyzer.They comprise amicroplate reader; microplate
washer (recommended); a vortexer; a balance accurate to at
leasttwo, preferably three decimalpoints (0.001 g); and various
adjustable air displacement pipettes including an eighthannel
pipettor and a repeater pipettor. The throughput of the ELISA
assay can be greatly enhanced by the use of a liquid handler to
automate the various pipetting steps including the dilution of
serum samples. A barcode scanner can speed up sample-ing
and avoid transcription errors.

Automated analyzers are relately expensive and mostana
lyzers operate on a closed-channelbasis,allowing only reagents
from one particular manufacturer to be used. Furthermore, the
laboratory is limited to conducting regular simple instrument
maintenance while acertified serviceengineertakescareof re-
pairs and more complex maintenance, often as part of an an
nual service agreement.Calibrators and reagentsare typically

purchased from the manufacturer in a readyto-use form. They
require minimal handling.

Quality assessment

Overview. Quality assessment (QA) helps to ensure accurate
and high-quality laboratory results through full staff participa-
tion by avoiding mistakes,ensuring consistentperformanceand
data integrity, and offeringopportunities for training. The basic
components of a QA system include the followingt) internal
quality control (QC) through the use of bench and blind QC
samples; 2) external QA via participation in proficiency test
ing (PT) programs;3) equipment monitoring and maintenance;
4) documentation of policies and procedures5) proper staff
training; and 6) laboratory audits. However, methods must be
validated (for accuracy, precision, sensitivity, and ruggedness)
and verified periodically (verification of assa calibration, veri-
fication of pipette and instrument accuracy) before the quality
and consistency can be monitored. For a more detailetbscrip-
tion of each QA system component, an example of a minimum
QA system for a lowresource setting as well as istructions for
the preparation, characterization and use of QC materials, the
reader is referred to the SurveyToolkit for Nutritional Assess
ment, Laboratory and Field section, Quality Control and Qual
ity Assurance subsection, developed by the CDC ahdsted by
the Micronutrient Initiative (570).

While commercial kits typically supply QC materials and
manufacturers will require information on how the assay is
performing with the commercial QC material if involved in
troubleshooting, the user should keep in mind that frequent
lot changes on the commercial QC material may prevent an
assessment of assay shifts over time. The only way to know
whether an assay fluctuates or shifts over time is to analyze
well-characterized maerials in every assay or at least period
ically. In-house preparation of large batches of QC pools has
two advantages. It is more cost efficient and it facilitates close
monitoring of assay performance. It is advisable to preparg&vo
(normal and abnormal) or three (low, medium, and high) levels
of QC pools, characterize them over the course of 20 individual
analytical runs to establish target values and assagssociated
variability, and then include them in every analytical run te
gether with the unknown samples to judge whether the run is
within the pre -established control limits.

Participation in PT programs is recommended for good
laboratory practice to allow external verification of results.
Such participation is a requirement for the laboratory to be
in compliance with certain laboratory certifications. However,
PT programs have their limitations. Most PT programs use
method means to evaluate laboratories, making it difficult
to identify methods with unsatisfactory performance or even
monitor method shifts over time due to the lack of a stable
referencepoint. BecausePT programs require large samplevol-
umes, must test a range of concentrations, and because it is-dif
ficult and expensive to distribute actual pooled human serum
on a regular basis, PT samples are often modified (e.g., adding
preservatives orother additives, supplementing materials with
nonnative forms of analyte, using animal plasma or outdated
human plasma from blood banks), potentially changing their
behavior in the assay compared to freslirozen samples. This
may lead to commutability prdblems with PT materials 605).
Noncommutability is when anassayrespondsdifferently to pro-
cessed samples compared to native, nonprocessed samples. As
a result, information gained from the PT program may not be
used to agust assays.



Biomarker-specific issues. The availability of an accepted
ICSH reference method for Hb measurement$§9) and corre-
sponding ICSH reference material since the 19706@6) made
it possibleto calibrate most hemoglobinometersand automated
blood cell counters throughout the world. The reference mate
rial is available through the UK National Institute of Biologi
cal Standards and Control (NIBSC) as éhWHO International
Standard 98/708 and through the European Community Bu
reau of Reference as CRM 52Zable 11). The ICSH also rec
i1 1 AT AAA A OAEAOAT AA 1 AOGET A
AOAT AAd | A éneabubemerl oOHcbEphcked cell vel
ume, both of which are fully traceable to the ICSH reference Hb
method.

While no formal standardization programs exist for SF or
iron/TIBC, most methodsfor thesebiomarkers produce reason
ably comparable resuls and the assays display generally good
accuracy, precision, and linearity. This is likely to be due to the
inclusion of theseanalytesin many PT programs,someof which
are available from State Department of Health PT programs
(e.g., NewYork State Depatment of Health Wadsworth Cen
ter), and the availability of international reference materialsfor
many years(Table 11). Thorpe (607) has reviewed the devel
opment, role, and availability ofinternational biological refer-
ence materials for the diagnosis of iron deficiency and anemia.
The author discusses the difficulties in standardizing immuno
based methods due to the heterogeneity of the antibodies used
in the assays, the technical diffiglties in producing a standard
preparation that is identical to the circulating serum form, and

the absence of physicochemical reference methods to establish

O0006A6 AT 1T AAT OOAOGEI T 08 4EAOA
conducted by Blackmore et al. 386) to assess the traceability
of various ferritin assays to the three WHO international stan
dards developed over the years. While four out of five methods
recovered all three international standards within acceptable
limits (100% +10%), one method significantly overrecovered
each of the internal standards (124155%), despite giving SF
results that were comparable to the other methods for five na
tive serum samples. This may be explained by the antibodies
employed in each of the assays having different epitope speci
ficities or properties.

No reference material has been available for sTfR assays

until recently. Several years ago the WHO commissioned the
production of a reference standard and because of the difi
culties in purifying sufficient quantities of sTfR, efforts were
focused on employing recombinant sTfR, which has a slightly
shorter molecular structure than serum sTfR. This WHO Ref
erence Reagent (07/202) was evaluated by five manufacturers
of commercial kits. Althaiugh the doseresponse plots demon
strated acceptable parallelism with commercial irhouse stan
dards and serum samples, there was poor agreement with the
measured values for sTfR in the kits, even between kits €x
pressing sTfR concentrations in the samanits. In 2009, the

Preanalytical factors

Overview. Because each method, analyte, and laboratory may
have specificsamplehandling requirements, it is bestto discuss
details with the laboratory that will perform the analyses at the
time of study planning.In generalthe iron statusbiomarkers are
quite stable. If the blood sample cannot be centrifuged within
1z2 h of collection, it should be kept cold and protected from
light, but freezing should beavoidedto prevent hemolysis(vacu-
tainers should not be in direct contact with frozen cold packs).
AclozZén sArumCsarpes shadld eGhigp&liof drdide toCadoiE
thawing. For long-term storage,serum samplesshould be kept
frozen atO 1 40°C.

Biomarker-specific issues. Preanalytical factors influencing
whole-blood-based indicators of iron status are summarized in
Table 14 (290, 608z611). Becausethe within-person biologi
cal variation of Hb and Hct is very low<(3%), one sample
is consideredsufficient to estimate the biomarker concentration
with 95% confidence and 20% accuracy§08). As Hb measure
ments only require small sample volumes, the use of capillary
blood samples is commonHowever, this can lead to inaccurate
or variable results if the capillary sample is not collected prop
Aol u j Ascsg OIEIEETC6 OEA Z£ETCAO
Using 3 paired venous and capillary blood samples collected
into a microtainer, Whitehead et al. $73) found no significant
differences in mean Hb concentrations. Pooled capillary blood
produced comparable results to the second ahthird, but not
the fourth drop of blood (3.3% lower) (573). Others have also
reported that pooled capillary blood samples can be reliably
uEed,vbekeds single Qkp nfedsilr&mkdsOalk Aecotimended b O O A
the manufacturer, may resit in slightly different results (609).
Delays in Hb measurement (H201 HemoCue® model) for up
to 3 d did not affect values{ 2%) if the venous or capillary
blood was kept cold 610). However,blood could only bestored
for 1 d at 2Qz23°C prior to Hb measurement with the HE301
model (573).

The three main serumbased iron status indicators have dif
ferent preanalytical requirements, particularly when it comes
to variables related to the subjec{Table 15) (240,608,611z
614). Data from several thousand US adults participating in
NHANES 200306 showed no difference inSFsTfR, or body
iron index whether samples were collected from fasted §ch
after the last meal) or nonfasted € 3 h after the last meal) in
dividuals (615). On the other hand, fasting is usually recom
mended for the measurement of serum iron, particularly in the
clinical setting. Moreover dayto-day ( 30%) and diurnal vark
ations (10z20%) within a person are quite large 675, 611).
Fasting may be less important in population studies and in
fact NHANES has not used fasted serum samples to measure
serum iron. Dale et al. §16) haveexamined diurnal variation
of serum iron, iron-binding capacity, and ferritin concentrations
and found that although significant differences among mean

NIBSC made available this WHO Reference Reagent with avalues for the collection times were noted, no consistent diurnal

value assigned based on a theoretical extinction coefficient and
the molecular weight (21.74 mg/L or 303 nmol/L) (589). If
the commutability of this material can be confirmed in an on
going commutability study, it could be used by manufactur
ers or researchers as a calibrator for immunoassays. While a
full standardization of manufacturer assays may take several
years,intermittent stepsof assayharmonization through asetof

variation wasseenandthe between-day variation wassimilar to
the within -day variation. The authors concluded that the prac
tice of restricting iron specimen collection to a specific time of
day doesnot improve the reliability of the test result.
Serum sTfR has eelatively small within -person variation
(CMv 12%). One sample is generally considered sufficient to
estimate the biomarker concentration with 95% confidence and

wellAEAOAAOAOEUAA OAZAOAT AA OA I 20% deirady 840). Thd Gviifor SE @ Grlyé)Qlepbridentdie | E
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comparable results across laboratories, instruments, and as
says.

i pobulathor gooksY 10415% for Eles Or/eldairyovbmed B3 A O A A
for young women) (240, 608). A higher number of samples has
therefore been recommended for SF [3 for males, 4



TABLE 14 Preanalytical factors influencing wheldood-based indicators of iron status

Variables

Hemoglobin

Hematocrit

Erythrocyte protoporphyrin

Subject
Fasting
Biological variation
Within-person
Betweenperson
Number of samples requiréd

Sample collection
Venouyss.capillaryblood

Influenceof anticoagulants

Sample processing
Generafequirements

Delayegrocessing

Sample storage
Storagestability

Freezethawstability

Not required
2.8% 608)

1608

Comparableparticularlyif pooledcapillarysamplefrom
microtainer is usedg09, 610)

' @2AR aYAf{Ay3aé 2F FAYASN]
Anticoagulant®therthan EDTAare not customary

UsefreshlycollectedED TAvholeblood

Whole blood can be kept refrigerated for a few days if
measurementannotbedoneimmediately(avoidfreezingto keep
RBC intact)610)

Notapplicable

Notapplicable

Not required
1.8% 608)

1609

Generallwenousloodisused

Anticoagulantotherthan EDTAare not customary

UsefreshlycollectedEDTAvholeblood

Whole blood can be kept refrigerated for a few days if
measurementannotbedoneimmediately(avoidfreezingio keep
RBC intact}610)

Notapplicable

Notapplicable

Not required

9.8% 611)
32.9% 611)

Comparabl€288); partiallyclotted samplesnaynot giveaccurate
results

Anticoagulant®therthanEDTArenot customary

UséfreshlycollectedEDTAvholeblood;protectsampleérom
light; avoidhemolysisf measuredyhematofluorometeravoid
contamination with fluorescentterferences
Measurehematocrit to correct for packed cells
Wholebloodcanbekeptrefrigeratedforafewdaysorit canbe
frozenif fluorometricextractionassaysused

Stablefor upto 10d if protectedfrom lightandrefrigerated;

stable for years ab¢20°C
Excellenstability

Number of samples required to estimate biomarker concentrations with 8&8tidence and 20% accuracy.



TABLE 15 Preanalytical factors influencing serdmased indicators of iron status

Variables Serumiron/TIBC Serunferritin Serum soluble transferrireceptor
Subject
Fasting Recommendedin clinicalsetting)dueto diurnalvariation Notrequired Not required

Biological variation
Within-person

Betweenperson
Numberofofsamplesequirec®

Samplecollection
Venousss.capillaryblood

Influenceof anticoagulants

Sampleprocessing
Generafequirements
Delayegrocessing

Sample storage

Storagestability
Freezethawstability

31.9%/9.0% for general US populati@i(); 26.1%/3.8%
for elderly womer(608)
41.9%/16.1%orgeneralUpopulation(611)
7/1forelderlywomen(608)

Capillarybloodgenerallydoesnot providesufficientsample
volume
Serunpreferredoverplasmamightcontainfibrinogen
clots)

Promptprocessing@ndfreezingof serumdesirable
Prepareserumwithin 1d,butnolaterthanwithin2¢3dof
blood collection; keep bloafrigerated

Stablefor daysif refrigerated;stablefor yearsat O¢20°C
Stabldoratleast3cycleg613)

20.8%or generalUSpopulation(611);. 13%for males, 26%for
youngwomen, 18%on average240); 9.7%for elderlywomen(608)
89.8% for general US populati(@i1)
3formales4foryoungwvomen(240); 1forelderlywomen(608)

Comparablebut highervariabilitywith capillarysampleg240)

Serunpreferredoverplasmamightcontainfibrinogenclots);EDTA
plasmaproduces comparable resul{240)

Promptprocessin@ndfreezingof serumdesirable
Prepareserumwithin 1d,butnolaterthanwithin2¢3dofblood
collection; keep bloodefrigerated

Storageof unprocesseavholebloodat roomtemperature< 96his
acceptabld, 3%increaseputnotsignificani{612)]

Storage of unprocessed whole blood at elevated temperature
(32¢37°C) is acceptable ®6h (614), but unacceptable ©1d

( 10% increasep(3)

Stablefor upto 14dif refrigerated(613); stablefor yearsat O¢20°C
Stabldoratleast3cycleg613)

11.8% for young adult240); 10.9% for elderly womer6(08)

1formales,1or 2for youngwomen(240); 2 for elderlywomen(608)

Comparablebut highervariabilitywith venoussampleg240)

Serunpreferredoverplasmamightcontainfibrinogenclots);EDTA
plasma produces comparable resy240)

Promptprocessin@ndfreezingof serumdesirable
Prepareserumwithin1d,butnolaterthanwithin2¢3dofblood
collection; keep bloodefrigerated

Storage of unprocessed whole blood at elevated temperaturé(3s

unacceptable [ 5% increase after 1 ¢13)]

Stablefor upto 14dif refrigerated(613); stableforyearsatO¢20°C
Stable for at least 3 cyclg&l3)

TIBC, total irosbindingcapacity.

2Number of samples required to estimate biomarker concentrations with 95% confidence and 20% accuracy.



















































