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Inrecentyears,aconsiderablenumberofwell-designed
interventiontrialshavebeencompletedinmanyparts
of the world—including both lower-income and
industrializedcountries—toassesstheimpactofzinc
supplementation inpopulations thought tohave an
elevated risk of zinc deficiency.These studies have
confirmed the critical importanceof adequate zinc
nutriture to support child growth, reduce the risk
of common infections, prevent adverse outcomes
ofpregnancy, and improveother aspects ofhuman
healthandfunction.Becauseofthelikelywidespread
occurrenceofzincdeficiency,especiallyinlow-income
groups,andtheimportanthealthconsequencesofthis
condition,effortsareneededtodefinemoreprecisely
the riskof zincdeficiency invulnerablepopulations
and todevelopprograms to control this condition
wherenecessary.
ThepresentdocumentwaspreparedbytheSteering

Committee(SC)ofthenewlyestablishedInternational
ZincNutritionConsultativeGroup(IZiNCG)andsev-
eralotherexpertsinzincnutritioninvitedbyIZiNCG
toassistinitspreparation.TheSCwasappointedbythe
UnitedNationsUniversity’sFoodandNutritionPro-
gramforHumanandSocialDevelopment(UNU/FNP)
and the InternationalUnionofNutritional Sciences
(IUNS).Thedocumentwasreviewedby10independ-
entexpertsselectedbytheUNU/FNPandtheIUNS.
TheIZiNCG’sresponsetothereviewswasassessedby
twoadditionalreviewersappointedbytheUNU/FNP
andIUNS.Therefore,thepresentpublicationreflects
the input fromexpertsbothwithin andoutside the
IZiNCGSC.
Thisdocument’sprimaryobjective is toprovidea

summaryofcurrentknowledgeonzincasitpertains
topublichealthissues,primarilyinlow-incomecoun-
tries.Itpresentsacomprehensivebackgroundreview
ofinformationonzincmetabolism,zincrequirements,
risk factors for zincdeficiency,methodsof assessing
populationzincstatus,andavailableoptionsfordevel-
opinginterventionprogramstocontrolzincdeficiency.
Thedocumentisnotintendedtoreplacecurrentrefer-
encevaluessetbyotherinternationalornationalagen-

cieswithnormativeand/orpolicyroles,buttoassess
thescientificsupportofcurrentreferencevaluesand
tomake recommendations for their reevaluation as
appropriate.The implicationof theseconsiderations
toavailableoptionsfordevelopinginterventionpro-
gramstocontrolzincdeficiencyisalsoakeyfocusof
thisreport.
Becausethisinformationhasnotbeensummarized

previouslyinasingletext,wehaveintentionallypre-
sentedthematerialinsomedetail.Anabbreviatedcom-
paniondocumentwillbemadeavailablesubsequently
tofacilitateaccesstothekeypointsthatneedtobecon-
sideredpriortodesigningprogrammaticinterventions.
Thepresentdocumentshouldbeuseful tonutrition
researchers concernedwithhealth-related aspectsof
zincnutritionandtootherhealthprofessionalswho
areplanningnutritionand/orhealthsurveysandpublic
healthinterventionprograms.

Introduction

Duringthefirsthalfof the20thcentury,researchers
discoveredthatzincisessentialforthenormalgrowth
and survival of higher plants, poultry, rodents,
and swine [1].Despite these observations,many
nutritionists doubted that zincdeficiencyoccurred
in humans because of the element’s ubiquitous
distribution in the environment and the lack of
obvious clinical signs of deficiency in presumably
high-riskhumanpopulations.Nevertheless,evidence
ofhumanzincdeficiencybegantoemergeduringthe
1960s,when cases of zinc-responsivedwarfismand
delayedsexualmaturationwerefirstreportedamong
Egyptianadolescents[1].Sincethen,clinicalstudiesof
childrenwithacrodermatitisenteropathica—aninborn
error of zincmetabolism that results in poor zinc
absorptionand,consequently,insevere,secondaryzinc
deficiency—haveascertainedthecriticalroleofzincin
physicalgrowthofhumansandnormalfunctioningof
thegastrointestinaltractandimmunesystem[2].
Since these early observations in people with
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acrodermatitis enteropathica, a number of well-
designed intervention trialshavebeen completed in
abroadrangeofpopulations throughout theworld.
Results of these trials have confirmed that zinc
supplementation increases growth among stunted
children [3] and reduces theprevalenceof common
childhoodinfections,suchasdiarrheaandpneumonia,
in populations at risk [4].Moreover, data from a
recent study innorthern India indicated that daily
zinc supplementation among full-term, small-for-
gestational-ageinfantssignificantlyreducedmortality
by68%[5].Dataarealsoaccumulatingtosuggestthat
zincdeficiencymaybe related to adverseoutcomes
ofpregnancy[6]andcompromisedneurobehavioral
functioninchildren[7].Thesefindingsarguestrongly
for theneed todefine further the extentofhuman
zincdeficiencyworldwideandtoinitiatepublichealth
interventionprogramstocontrolthisprobleminat-
riskpopulations.
Regrettably, thereareno simple,quantitative,bio-

chemicalorfunctionalmarkersofzincstatuscurrently
availablethataresufficientlysensitivetoidentifymild
tomoderatezincdeficiencyinindividuals.Theabsence
ofsuchsensitivebiomarkersofindividualzincstatus
has,tosomeextent,underminedeffortstoquantifythe
globalprevalenceofzincdeficiency,andtheresulting
lackofinformationhashamperedthedevelopmentof
relevantinterventionprograms.Nevertheless,experts
inzincnutritionhavepresentedseveralcogentargu-
mentstosuggestthatzincdeficiencymay,infact,be
verycommoninmanylower-incomecountries[8–10].
Forexample,foodsthatareparticularlyrichsourcesof
absorbablezincareinaccessibletomanyoftheworld’s
poorerpopulations.Animalproducts,suchasshellfish
andredmeat,whichcontainsubstantialamountsof
zinc in readily absorbable form, arenot consumed
extensivelyduetotheirhighcost,limitedsupply,and,
insomecases,religiousorculturalpractices.Whole-
graincerealsandlegumes,whicharemorewidelyavail-
ablethananimal-sourcefoods,alsocontainreasonably
highamountsofzinc,butthezinccontainedinthese
grains is absorbed less efficientlybecauseuptakeby
theintestineisinhibitedbyothercomponentsofthese

foods.Thus,manypeople—particularlythoseinlower-
incomesettings—havelimitedaccesstodietsthatmeet
theirtheoreticalrequirementsforzinc.
Thenotionthatzincdeficiencymaybewidespread

inlower-incomepopulationsisfurthersupportedby
the resultsof zinc supplementation trials completed
in abroad rangeof countries.Provisionof supple-
mental zincduring these intervention trialshas led
to improvedgrowthamongunderweightor stunted
children,thusdemonstratingthattheirhabitualzinc
intakeswereinadequatetomeetphysiologicrequire-
ments[3].Nearlyone-thirdofpreschoolchildrenin
lower-income countries have stunted growth [11],
andtheforegoingresultsindicatethataconsiderable
proportionofthisgrowthfailureislikelyattributable
tozincdeficiency.
Itiswellestablishedthatirondeficiencyisextremely

common;anemia,duelargelytoirondeficiency,affects
betweenone-thirdandone-halfofthepreschoolchil-
drenandwomenofreproductiveageinlowerincome
countries[12].Becauseabsorbableformsofironand
zincarefoundinmanyofthesamefoods,thesehigh
ratesofirondeficiencyprovidefurthersuggestiveevi-
denceoftheprobablewidespreadoccurrenceofzinc
deficiency.
Consideringthelikelycommonoccurrenceofzinc

deficiencyandthecriticalrolesofadequatezincnutri-
tureinsupportingnormalgrowthanddevelopment,
preventingmorbidity fromcommon infections, and
possiblyreducingchildmortality,healthplannersare
stronglyadvisedto implementappropriatemeasures
toevaluatethezincstatusoftheirtargetpopulations
and touse this information in consideringwhether
programmatic interventions are indicated.To assist
with thedevelopmentof theseactivities, thepresent
document provides the following: (1) background
informationonzincmetabolismandnewestimatesof
thephysiologicanddietaryrequirementsforzinc;(2)
recommendationsforapproachesthatcanbeusedto
assessapopulation’sriskofzincdeficiency;and(3)a
reviewoftherangeofprogrammaticoptionsthatare
availabletoenhancezincnutritureinpopulationsat
riskofzincdeficiency.
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1.1Biologicalfunctionsofzinc

Zinc isubiquitouslypresent throughout all biologic
systemsandhasabundantandvariedfunctionswithin
thesesystems.Thesecharacteristicsowetoitsunusu-
allyversatilephysicochemicalproperties.Forexample,
zincisabletoassumeanumberofcoordinationnum-
bersandgeometries,whichmake it steriochemically
adaptable to the functionalneedsof various ligands
[1].Moreover,underphysiologicconditions,zincisnot
subjecttooxido-reductivereactions,soitisrelatively
non-toxic.Thesepropertiesmakezincanidealelement
toparticipateincatalytic,structural,andcellularregu-
latoryfunctions[2].
Morethan100specificenzymesrequirezincfortheir

catalyticfunction[2].Ifzincisremovedfromthecata-
lyticsite,activityis lost;replacementofzincrestores
activity.Unlike any othermetal, examples of zinc-
requiringenzymesarefoundinallsixenzyme-classes
(oxidoreductases, transferases, hydrolases, lysases,
isomerases, and ligases) and includeRNApolymer-
ase, alcoholdehydrogenase, carbonic anhydrase, and
alkalinephosphatase[1].Zincmayprovideactivityto
theseenzymesbyservingasanelectronacceptor.Inits
structuralrole,zincfacilitatesthefoldingofproteins
intothree-dimensionalconfigurations,thusenabling
theirbiologicactivity.Thisfoldingofteninvolveschela-
tionofzincwiththeaminoacidscysteineandhistidine
andtheformationoffinger-likemotifs,referredtoas
‘zincfingers.’Metaltranscriptionfactor1,retinoicacid
receptor,andenzymes(suchascopper-zincsuperoxide
dismutase)areexamplesofproteinsthatrequirezinc
inastructuralrole.Processesregulatedbyzincinclude
expressionofthemetallothioneingene,apoptosis(or
programmedcelldeath)andsynapticsignaling.
Insummary,zincisthemostubiquitousofalltrace

elements involved inhumanmetabolism.Zincpar-
ticipatesinallmajorbiochemicalpathwaysandplays
multiplerolesintheperpetuationofgeneticmaterial,
includingtranscriptionofDNA,translationofRNA,
andultimatelycellulardivision.

1.2Tissuezincdistributionandreserves

Thezinccontentoftheadulthumanbodyrangesfrom
1.5to2.5g,withhigheraveragecontentsinmenthanin
women.Zincispresentinallorgans,tissues,fluids,and
secretionsinthebody.However,mostzincislocated
inthefat-freemass,withabout30mgzinc/kgtissue,
almostallofwhich(>95%)isintracellular.Duetothe
bulkofskeletalmuscleandboneinthebody,zincin
thesetissuesaccountsforthemajority(83%)ofwhole
bodyzinc[3].Theconcentrationandtotalzinccontent
ofvarioustissues,andtheproportioncontributedto
totalbodyzinc,areshownintable1.1.
When total body zinc content is reducedduring

depletion, the lossof zinc isnotuniformacross all
tissues.Skeletalmuscle,skin,andheartzincaremain-
tained,whilezinc levelsdecline inbone, liver, testes,
andplasma[4].It isnotknownwhatsignalscertain
tissues to continue to release zincduringdepletion
whileothersretainzinc.
Therearenoconventionaltissuereservesofzincthat

canbereleasedorsequesteredquicklyinresponseto
variationsindietarysupply.Nevertheless,ithasbeen
proposed that bonemay serve as a passive reserve
because some zincmay become available during
normal turnover of osseous tissue.Thus, although
thereleaseofzincfrombonedoesnotincreaseduring
deficiency[5],lessofthezincthatisreleasedduring
normalremodelingofbonemaybere-depositedinthe
skeletonwhenthedietarysupplyisverylow[6].This
passivereserveofzincmaybeevenmoreimportantin
growingindividuals,asboneturnoverismoreactive.
Forexample,youngratsfedzinc-deficientdietsfor24
dayshadnearly50%lessbonezinccontentthandid
rats in a control group [7]. Interestingly, chicks fed
higher zinc-containingdietsduringabaseline study
periodaccumulatedmoreskeletalzincandweremore
resistanttogrowthfailureduringasubsequentperiod
ofverylowzincintakethanwerecomparisonanimals
fedadietthatwasmarginallyadequateforzincduring
thebaselineperiod[8].Thissuggeststhatintermittent
zincsupplementationmaybeabletoreducetheriskof
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symptomaticzincdeficiencyamongpeoplewithpoor
dietaryintakes.

1.3Zincmetabolism

Zincisreleasedfromfoodasfreeionsduringdigestion.
Theseliberatedionsmaythenbindtoendogenously
secretedligandsortoexogenousmaterialintheintesti-
nallumenbeforetheirtranscellularuptakeinthedistal
duodenumandproximaljejunum[2].Zinctransport
into the enterocytedemonstrates saturable kinetics,
suggesting involvementof a specific carriermecha-
nism.Withhighintakes,zincisalsoabsorbedthrougha
passive,paracellularroute.Otherspecifictransporters,
suchaszinctransporterprotein–1(ZnTP-1)mayfacili-
tatepassageofzincacrossthebasolateralmembraneof
theenterocyteintotheportalcirculation[9].
Theportalsystemcarriesabsorbedzincdirectlyto

theliver,whereitistakenuprapidlyandreleasedinto
thesystemiccirculationfordeliverytoothertissues[2].
About70%ofzincincirculationisboundtoalbumin,
andanyconditionsthatalterserumalbuminconcen-
trationhavea secondaryeffectonserumzinc levels.
For example, serum zinc concentrationdeclines in
concertwithserumalbuminduringpregnancy,dueto

expansioninplasmavolume.Serumzincconcentration
alsofallswiththehypoalbuminemiathataccompanies
agingandprotein-energymalnutrition.Theconcen-
trationofcirculatingzincisalsoalteredbyconditions
thataffectitsuptakebytissues.Forexample,infections,
acutetrauma,andotherstressesthatinduceincreased
secretionofcortisolandcytokines(suchasinterleukin
6)alsoaugmenttissuezincuptakeandtherebyreduce
serumzincconcentrations.Duringfasting,serumzinc
concentrations risedue to releasebymuscleduring
catabolism;followingmeals,serumzinclevelsdecline
progressively in associationwithhormonal changes
andtissueuptakeofcirculatingnutrientsinducedby
fuelmetabolism.Althoughserumzincrepresentsonly
0.1%ofthewholebodyzinc,thecirculatingzincturns
overrapidly(~150timesperday)tomeettissueneeds.
Notably,duringthecourseof24hours,theequivalent
ofapproximatelyone-fourthtoone-third(~450mg)
oftotalbodyzincexchangesbetweenthebloodstream
andothertissues[5].
Loss of zinc through the gastrointestinal tract

accounts for approximately half of all zinc elimi-
nated from thebody.Considerable amountsof zinc
(~3–5mg)aresecretedintotheintestinefromthepan-
creas followingeachmeal, andbiliary and intestinal
secretionsalsocontainsizeableamountsofzinc[10].
The total endogenousgastrointestinal zinc secretion
maywell exceed the amount consumed in thediet.
However,muchof the zinc that is secreted into the
intestineissubsequentlyreabsorbed,andthisprocess
servesasanimportantpointofregulationofzincbal-
ance.Otherroutesofzincexcretionincludetheurine,
whichaccounts for approximately15%of total zinc
losses,andepithelialcelldesquamation,sweat,semen,
hair,andmenstrualblood,whichtogetheraccountfor
approximately17%oftotalzinclosses[11].Thefecal
lossofendogenouszincfromthebodyislessthan1
mg/dwhenavirtuallyzinc-freediet isconsumedby
healthyindividualsstudiedunderexperimentalcondi-
tions[10].Undertheseconditions,urinaryzinclosses
declinebyabout95%,largelyduetotheeffectsofglu-
cagonandrenalzinctransporters[2,10].
Ingeneral,theamountofendogenouszincexcreted

inthefecesgoesupasthetotalabsorbedzincincreases;
fecal excretion of endogenous zinc declineswhen
eitherdietaryzincintakeisreducedorzincneedsare
increaseddue togrowthor lactation [12–14].When
dietary zinc is decreased, the individual goes into
negativezincbalanceforaperiodoftimebeforezinc
balanceisre-establishedatthelowerlevelofintake[5].
Thistransientnegativezincbalanceresultsinasmallloss
ofzincfromtheexchangeablezincpool;theamountlost
dependsonthelengthoftimerequiredtoachievezinc
balance.Thissmalllossofexchangeablezinccouldhave
asubtleeffectonzincfunction,forexampleareduction
inimmunefunction.However,functionalconsequences
are generallynot apparentuntil the capacityof these

TABLE1.1.Zinccontentofmajororgansandtissuesinan
adult(70kg)mana

Tissue

Zinc
concen-
tration
(mg/kg
wet

weight)

Total
zinc
content
(mg)

Propor-
tionof
total
body
zinc
(%)

Skeletalmuscle 50  1,400 63
Skeleton
 Bone
 Marrow
 Cartilage
Periarticulartissue

90
20
34
11

 450
 60
 30
 11

20
3
1

<1
Liver 40  72 3
Lung 40  40 2
Skin 15  39 2
Wholeblood 6  33 1
Kidney 50  15 1
Brain 10  14 1
Teeth 250  11.5 1
Hair 200  4 <1
Spleen 20  3.6 <1
Lymphnodes 14  3.5 <1
Gastrointestinaltract 15  1.8 <1
Prostate 100  1.6 <1
Otherorgans/tissues Variable  50 2

Total  2,240 100

a. adaptedfromIyengar[3]
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adaptivemechanismsisexceeded.

1.4Importanceofzincforhumanhealth

Given the diverse array of biologic functions of
zinc, it is not surprising thatmultiple physiologic
andmetabolic functions, such as physical growth,
immuno-competence, reproductive function, and
neuro-behavioraldevelopmentareallaffectedbyzinc
status.Whenthesupplyofdietaryzincisinsufficient
tosupportthesefunctions,biochemicalabnormalities
andclinicalsignsmaydevelop.Evidenceregardingthe
effectsofzincstatusonphysiologicfunctionhasbeen
derivedfromthreetypesofstudiesinhumansubjects:
(1) evaluations of individualswith acrodermatitis
enteropathica;(2)studiesoftheassociationbetween
markers of zinc status and specific functions; and
(3) clinical or community-based intervention trials.
In some cases, studies in experimental animals also
provide insights into the functionalconsequencesof
zincdeficiency.
Acrodermatitis enteropathica is a rare autosomal

recessive genetic disorder that results in zinc
malabsorption[15].Theclassificationofclinicalsigns
associatedwiththisdiseasehasprovidedmuchinsight
into the functionaloutcomesof zincdeficiency, and
therefore thephysiologic roles of zinc.The clinical
manifestationsof acrodermatitis enteropathicaand
the frequencywithwhich theyhave beenobserved
arelistedintable1.2[16].Impairmentsofthedermal,
gastrointestinal,neurologic,andimmunologicsystems
predominate. Iatrogenic causesof zincdeficiency—
suchasprolongedadministrationof totalparenteral

nutritionwithinadequatezinccontent[17],long-term
penicillaminetherapyforWilson’sdisease,whichresults
inchelationofcirculatingzinc[18],andchlorthiazide
administration[19],whichincreasesurinarylossesof
zinc—haveproduced similar clinical signs as those
describedforacrodermatitisenteropathica.
Theseverityandmanifestationsoffrankzincdefi-

ciencymayvaryatdifferentages[20].Ininfantsupto2
monthsofage,diarrheaisaprominentsymptom.Early
zincdeficiencyleadstocognitivefunctionimpairment,
behavioralproblems,moodchanges,memoryimpair-
ment,problemswith spatial learning, andneuronal
atrophy (optic and cerebellar) [21]. Skinproblems
becomemorefrequentandgastrointestinalproblems,
anorexia,andmoodchangeslessfrequentasthechild
growsolder[16].Alopecia(hairloss),growthretarda-
tion,blepharoconjuctivitis (inflammationof eyelids
andconjuctiva),andrecurrentinfectionsarecommon
findingsinschool-agedchildren.Chronicnon-healing
legulcers and recurrent infectionsoccur among the
elderly[22].
Of the aforementioned types of study designs,

placebo-controlled intervention trials provide
the strongest inferences regarding the functional
importanceofzincnutritureandtheexpectedimpact
ofinterventionsdesignedtoenhancezincstatus.When
measurable functional changesoccur in response to
supplemental zinc in adequately controlled trials,
preexisting zincdeficiency canbe inferred, and the
specific functions that are responsive to zinc canbe
identified.Unlike the situationwith acrodermatitis
enteropathicadescribedabove,where themyriadof
clinical signs are likely to reflect severe deficiency,
functionalimpairmentsidentifiedincommunity-based
trialsmaybemorerepresentativeofmildormoderate
deficiency. The range of functional impairments
reportedfromthesetrialsisdescribedinthefollowing
sections.
Itisimportanttorecognizethattheresultsofthese

studiesmaybe affectedby concurrentdeficiencyof
othernutrients.Amongthesetofothernutrientsthat
are commonly consumed in inadequate quantities,
severalalsohavedemonstratedeffectsongrowth[23],
immune function [24], orneurologicorbehavioral
function [25].While severalof the zinc supplemen-
tation trials cited in this reporthave includedother
nutrients in the supplement formulation (e.g., iron
plus folate,multi-micronutrients), zincwas theonly
factordifferingbetweencontrolandtreatmentgroups
intheresultsreportedherein.Incaseswherezincwas
givenaloneandcomparedwithaplacebo, theeffect
of zinc treatmentmayhavebeen reducedorabsent,
either because zincdeficiencywasnotprevalent or
becauseotherconcurrentnutrientdeficiencieslimited
the impact of zinc [26, 27].Considerations for the
inclusionof zincwithothernutritionprogramsare
discussedlaterinsection3.5ofchapter3.

TABLE 1.2. Clinical manifestations of acrodermatitis
enteropathicaa

Symptom Frequency(%)

Dermatitis 84
Intermittentdiarrhea 54
Alopecia 48
Growthretardation(stunting) 46
Weightloss(wasting) 43
Moodchanges 39
Birthdefects 31
Recurrentinfections 30
Naildeformation 25
Miscarriage 23
Blepharoconjunctivitis 22
Death 20
Anorexia/hypogeusia 15
Photophobia 14
Paleskin  8
Neurologicaldefects  3

a.adaptedfromVanWouwe[16]
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Immunefunctionandriskofinfection

Theroleofzincinimmunefunctionhasbeenreviewed
indetailelsewhere[28,29].Zincaffectsbothnonspe-
cificandspecificimmunefunctionatavarietyoflevels.
Atleastsomeeffectsofzinconimmunefunctionare
mediatedviareleaseofglucocorticoids,decreasedthy-
mulinactivity,andpossiblyantioxidantproperties.In
termsofnonspecificimmunity,zincaffectstheinteg-
rityofepithelialbarrier,andfunctionofneutrophils,
natural killer cells,monocytes, andmacrophages.
Withregardtospecificimmunity,lymphopoeniaand
declinedlymphocytefunctionoccur,asdoalterations
inthebalanceofThelpercellpopulations(TH1and
TH2)andcytokineproduction.
Althoughmostknowledgeoftheeffectsofzincon

immunefunctionhasbeenderivedfromexperimental
animalsorinvitromodels,severalstudieshaveshown
thatperturbationsof zinc status canaffect immune
competence in adult human subjects [30–37]. For
example,elderlysubjects inhigher-incomecountries
who received supplemental zinc demonstrated
improvements indelayed cutaneoushypersensitivity
[34,36],thenumberofcirculatingTcells,andserum
IgGantibodyresponsetotetanustoxoid[36].Inother
studiesofexperimentallyinducedmildzincdeficiency
among adults, reduced serum thymulin and IL-2
activity,andreductionsinspecificsubpopulationsof
lymphocytesoccurredduringzincdepletion,andthese
returnedtonormallevelsfollowingzincrepletion[30,
37].The specific links between zinc-related aspects
of immune function and the incidence and severity
of different infections are not well understood.
Nevertheless, it can be assumed that the reported
changesinimmunefunctionareclinicallyimportant
becausedecreasedratesofinfectionhavebeenobserved
followingzinc supplementation inpopulation-based
studies,asdescribedbelow.

Diarrhea

Several studies have demonstrated reductions in
the incidence anddurationof acute andpersistent
diarrhea in zinc-supplemented children compared
with their placebo-treated counterparts [38–41]. In
twocases[42,43],beneficialeffectsof supplemental
zincon the incidenceof diarrhea extendedbeyond
the actualperiodof zinc administration.Recently, a
pooled analysis of randomized, controlled trials of
zincsupplementationperformedinninelower-income
countriesinLatinAmericaandtheCaribbean,south
andsoutheastAsia,andthewesternPacific,indicated
thatsupplementalzincledtoan18%reductioninthe
incidenceofdiarrheaanda25%reductionindiarrheal
prevalence [44].Notably, this analysis didnot find
differencesintheeffectofzincbyage,baselineserum
zinc status, presence ofwasting, or sex, suggesting
thatthebenefitsofzincsupplementationarelikelyto

occurinallsubgroupsofchildrenlivinginareaswhere
thereisanelevatedriskofzincdeficiency(seesection
2.2inchapter2).Sincethepublicationofthepooled
analysis just cited, results from two additional zinc
supplementationtrialshavebeenreportedfromAfrica
[45,46].Bothofthesetrialsdemonstratedsignificant
reductions in the incidenceornumberofdayswith
diarrhea,thusconfirmingthatthepreventativeeffect
ofzincondiarrhealinfectionisconsistentacrossawide
rangeofgeographicregions.Itisnoteworthythatthe
impact of supplemental zincon reducingdiarrheal
morbidityiscomparabletothatobservedinprograms
toimprovewaterquality,wateravailability,andexcreta
disposal[47].

Respiratoryinfections

Reductionsintheincidenceofacutelowerrespiratory
infections in response to zinc supplementationhave
also beendocumented [48, 49].The recent pooled
analysis of trials conducted in India, Jamaica,Peru,
andVietnam indicated anoverall 41%reduction in
theincidenceofpneumoniaamongzinc-supplemented
children[44].

Malaria

Randomized, placebo-controlled studies inGambia
[50] andPapuaNewGuinea [51] suggest that zinc
may play a role inmorbidity reduction related to
Plasmodiumfalciparuminfections.Thetrialconducted
inGambiademonstrated a 32% reduction in clinic
visitsduetoP.falciparuminfectionsamongthosegiven
70mgzinctwiceweeklyfor18months.Similarly,the
trialinPapuaNewGuineashoweda38%reductionin
clinic visits attributable toP. falciparum parasitemia
amongpre-schoolchildrenprovidedwith10mgzinc
daily [51]. In the latter study, zinc supplementation
resultedinanevengreaterreduction(69%)inclinic-
basedmalarial episodeswith high densities ofP.
falciparumparasitesintheblood(i.e.,>100,000/µl).
On the other hand, one recent trial conducted in
BurkinaFasodidnotfindanyreductioninepisodesof
falciparummalariaamongchildrenwhoreceiveddaily
supplementationwith10mgzincfor6months[45].
However,malariaepisodeswereidentifiedusingdaily
householdvisitsinthisstudy.Thecontrastinresults
mayoccurbecausezinchasanamelioratingeffecton
theseverityoffalciparum-relatedmorbidity,possibly
resultinginfewerclinicvisits,butnotnecessarilyfewer
infections.

Mortality

Onlylimitedinformationisavailableconcerningthe
impactof zinc supplementationon childmortality,
although several large-scale studies are currently in
progress. Inone studyof full-term, small-for-gesta-
tional-ageinfantsinnorthIndia,dailysupplementation
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ofzinc(1–5mg/day,from15–30daysofage,followed
by5mg/day,from30daysofageandcontinueduntil
reaching269daysofage)significantlyreducedmortal-
ityby67%comparedwithacontrolgroupthatdidnot
receivezincsupplements[52].Another,smallertrialof
olderchildreninBurkinaFasoalsofoundthatmor-
talityfromallcauseswasreducedbymorethan50%
amongthosewhoreceivedzincsupplements,although
thisdifferencewasnotstatisticallysignificant[45].

Growthanddevelopment

Giventhemultiplerolesofzinc inDNAreplication,
RNAtranscription,endocrinefunctionandmetabolic
pathways, it is not surprising that the state of zinc
nutritureaffectsgrowthanddevelopment.Although
theprimarymechanism(s)whereby zinc influences
growthisuncertain,thereisalargebodyofliterature
indicatingthatzincdepletionlimitsgrowthanddevel-
opment,assummarizedinthefollowingparagraphs.

Low-birthweightinfants

Low-birthweight infants (i.e., those < 2500 g at
birth)maybeespeciallyvulnerabletozincdeficiency.
Two studies of low-birthweight infants have been
undertaken in lower-income countries, and inboth
casesweightgainincreasedamongthosewhoreceived
the zinc supplement [43, 53]. Responses in linear
growthhavebeenlessconsistent.Castillo-Duranetal.
[53]reportedincreasedgrowthamonglow-birthweight
Chileaninfants,butthiswasnotseeninthestudyin
Brazil [43], possibly because the zinc supplement
(5mg zinc/day)was given for only a short period
(i.e., 8weeks) in the latter study. In a studyof very
low-birthweight,prematureinfantsinCanada[54],a
significantincreaseinlineargrowthwasreported,but
onlyinthezinc-supplementedfemaleinfants.

Severelymalnourishedinfantsandchildren

Someoftheearlieststudiesofzincsupplementation
inseverelymalnourishedchildrenwerecarriedoutin
Jamaica,wherezincsupplementation(1.6–9.8mg/kg
bodyweight/day,for2weeks,startingbetweenthe4th
and12thweekafterhospitaladmission)wasfoundto
increaseweightgainandleantissuesynthesiscompared
to unsupplemented children [55, 56]. Subsequent
trials in Bangladesh [57, 58] have likewise found
greaterweight gain among severelymalnourished
inpatientswhoreceivedsupplementalzinc(10mg/kg
bodyweight/dayuptoamaximumof50mg/day,for
3weeks)duringthecourseofnutritionalrehabilitation.
However,onegroupofinvestigators[59]whoprovided
either1.5or6mgzinc/kgbodyweight/dayfor15or
30daysstartingimmediatelyafterhospitaladmission,
found that severelymalnourished inpatientswho
received the higher dose of supplemental zinc had
increasedmortality comparedwith similarpatients

who received 1.5 mg zinc/kg body weight/day,
suggesting that excessive zinc supplementationmay
increasetheriskofseverecomplications.
Therehavebeen fewer reportsof apositive effect

ofzincsupplementationonchildrens lineargrowth
during recovery from severemalnutrition, perhaps
becausemostof the available studieswere toobrief
todetectsignificantchanges in lineargrowth,which
generallyoccursonlyafterrecoveryofweightdeficits
inthesepatients[60].

Infantsandchildren

The effects of zinc supplementation on children’s
growthwereexaminedinarecentlycompletedmeta-
analysis of 33 randomized intervention trials that
were conducted inpre-pubertal children [61].Zinc
supplementationproducedhighlysignificantpositive
responses in linear growth andweight gain (mean
effect sizesof 0.30–0.35SDunits), butno effecton
weight-for-height indices.Growth responseswere
greater inchildrenwith lowinitialweight-for-ageor
height-for-ageZ-scores.Thus,thebeneficialeffectof
zinconchildren’sgrowthmaybe limitedtopopula-
tionswithevidenceofpre-existinggrowthfailure.The
magnitudeofthezinc-inducedgrowthimpacttended
tobegreaterinstudiesthatenrolledyoungerchildren,
buttheseage-relateddifferenceswerenotstatistically
significant,possiblybecauseofthelimitednumberof
studiesavailableforanalysis.
Insomestudies,zincsupplementationhadagreater

impactinmalesthaninfemales[62–64],butthisfind-
ingwasnotconsistent inallofthetrialsthat identi-
fied a significant impact of zinc supplementation.
Maleshaveahigherpercentageof totalbodyweight
comprisedofmuscle,whichinturncontainsahigher
contentofzincthanfat.Additionally,thegrowthrate
ofmalesisgenerallyhigherthanfemales,sotheirzinc
requirementsareprobablygreater.

Adolescents

Thefirstcasesofhumanzincdeficiencydescribedin
the1960swerereportedinmaleadolescentsfromthe
MiddleEast[65,66].Inthisgroup,zincdeficiencywas
characterizedbydelayed sexual development, short
stature,anemia,enlargementof the liverandspleen,
andabnormalities in skeletalmaturation.Zinc sup-
plementationresultedinsignificantlyincreasedheight,
weight,bonedevelopment,andsexualmaturation[26,
67].Decreased spermcounts and testosterone levels
were alsoobservedduring experimental zincdeple-
tionamongadolescentmales [68]. Since these early
studies,veryfewzincsupplementationtrialshavebeen
performedinthisagegroup.
In a studyofChilean adolescentswith idiopathic

short stature, zinc supplementation(10mgzinc/day
aszincsulfate)for12monthssignificantlyincreased
height-for-ageZ-scoresinboys,butnotingirls,com-
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paredwiththeirunsupplementedcounterparts[69].

Maternalhealthandpregnancyoutcome

Zinc supplementation trials duringpregnancyhave
beenreviewedextensivelybyTamuraandGoldenberg
[70],Caulfield et al. [71], andKing [72].Adverse
outcomesassociatedwithzincstatusinatleastsomeof
thesetrialsincludeintrauterinegrowthretardation,low-
birthweight,poorfetalneurobehavioraldevelopment,
and increasedneonatalmorbidity.Adversematernal
outcomes includepretermdelivery andpregnancy-
inducedhypertension.Otherpossibleconsequencesof
maternalzincdeficiencyonpregnancyoutcomehave
beensuggested fromclinicalobservationsofwomen
withacrodermatitisenteropathicaandcross-sectional
studies ofmaternal zinc status.Notable associative
outcomesnot observed in controlled trials include
fetal congenital anomalies, intra- or postpartum
hemorrhage,andprolongedlabor.
Figure1.1summarizestheconsequencesofmaternal

zincdeficiency, asderived from the controlled trials
(shaded),andotherpossibleconsequencesdetermined
fromobservationalstudies,withindicationofpossible
relationshipsamongthevariousoutcomes.
Most of the zinc supplementation trials have

measured only a subset of the possible outcomes

described above.Of the 13published, randomized,
placebo-controlled zinc supplementation trials
identified for this report, only four have been
conducted in lower-income countries: SouthAfrica
[73],India[74],Peru[75],andBangladesh[76].Sixof
the13trialsreportednoeffectonpregnancyoutcomes
measured.Two studies found significantly improved
fetalgrowth,asmeasuredbybirthweight,oneofwhich
was carriedout in theUSamongAfricanAmerican
womenwithbelowaverageplasmazincconcentrations
[77],andtheotheramongpoorurbanIndianwomen
[74].Significantreductionsinpretermdeliverieswere
reportedinthreeofthezincsupplementationtrials[74,
77,78],althoughonlyinwomenofnormalbodyweight
inthestudyofCherryetal.[78].Twostudiesobserved
reductionsintheincidenceofmaternalcomplications
[79,80],althoughonlyoneofthesestudiesstatistically
analyzed theoutcomedata [79]; this studyof adult
HispanicCalifornianwomen showed a significant
reduction in pregnancy-induced hypertension.
However,asimilarstudyconductedamongHispanic
adolescentsinCaliforniadidnotshowanyeffectofzinc
supplementationonbloodpressure[81].
Fetal and infanthealthhave alsobeenassessed as

pregnancyoutcomevariables. In thePeruvian trial,
inclusion of zincwith iron and folate inmaternal

Maternalzincdeficiency

• Inductionoflabor
• Increasedassistedor

operativedeliveries

Adversematernal
outcomes
• Pretermlabor
• Prolongedlabor
• Placentalabruption
• Prematurerupture

ofmembranes
• Inefficientuterine

contractions

Poormaternalhealth
• Pregnancy-induced

hypertension
• Preeclampsia
• Maternallacerations
• Intra-orpostpartum

hemorrhage
• Postpartum

malnutritionand
infections

Adversefetal
outcomes
• Intrauterinegrowth

retardation
• Congenital

malformations
• Spontaneous

abortions
• Fetaldistress

Poorneonatalhealth
• Lowbirthweight
• Poorneurobehavioral

development
• Increased/recurrent

morbidityinlow-birth-
weightneonates

• Reducedmaturity
• LowApgarscore,

asphyxia
• Neonatalsepsis

FIG.1.1.Possibleconsequencesofmaternalzincdeficiencyonbirthoutcomesandmaternal
andperinatalhealth.Outcomesobservedinrandomized,controlledzincsupplementation
trials are shaded, indicating greater confidence in their associationwith zincdeficiency.
Unshadedoutcomesarethosederivedfromobservationalstudiesofhumanmaternalzinc
statusandpregnancyoutcome,andtheirassociationwithzincdeficiencycanbeconsidered
onlytentative.
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supplements resulted ingreater fetalheart rates and
fetalmovements, indicatorsof fetalneurobehavioral
development,comparedwiththosereceivingonlyiron
and folate [82].Althoughnoeffectsonbirthweight
wereobserved in theBangladeshi trial, a follow-up
studyfoundthattherisksofacutediarrhea,dysentery,
andimpetigoat6monthswereloweramonginfants
whosemothershadreceivedzincsupplementsduring
pregnancy [83].No effects onmental development
orbehavior, as assessedby theBayley andmodified
Wolke’s scales, respectively,were identified during
later follow-upon thesame infantsat13monthsof
age[84].
In summary, the results of zinc supplementation

trialsduringpregnancyhavebeeninconsistent.Several
reasonsmayaccountforthesediscrepancies,including
smallsamplesizes,varyingdegreesofunderlyingzinc
deficiency,differinglevelsandperiodsofsupplementa-
tionandmeasuresofpregnancyoutcome,andfailure
toaccountforconfoundingfactors,includingconcur-
rentnutrientdeficiencies.Clearly,moredouble-blind,
placebo-controlledtrialsamongpregnantwomenare
neededinthose lower-incomecountrieswherethere
isanelevatedriskofzincdeficiencyandwherepoor
fetal growth isprevalent. Further, it is important to
look beyondpoor fetal growth alone as a possible
outcomeofmaternalzincdeficiency,andtoconsider
thatsuboptimalmaternalzincstatusmayalsomanifest
duringpostnataldevelopmentaspoorinfantgrowth
andincreasedriskofinfantmorbidityandmortality.

Degenerativechangesamongtheelderly

Several of thedegenerative changes associatedwith
agingmaybedue inpart to zincdeficiency.These
include a decline in immunocompetence [85],
a decrease in taste acuity (hypoguesia) [86–88],
delayedwoundhealing [89, 90], certain limitations
ofneurologicandpsychologicfunction[91,92],and
deteriorationofglucosetolerance[93,94].

Neurobehavioralfunction

Some studies provide evidence that zincdeficiency
contributestocompromisedneuro-behavioralfunction
amonginfantsandchildren.Onestudyamongverylow-
birthweight infantsshowedimproveddevelopmental
scores among those receiving supplemental zinc in
formula[54].Inazincsupplementationtrialamong
infants in rural Guatemala, attainment ofmotor
milestoneswasnotaffected,butactivitypatternswere
improvedwith zinc supplementation [95].A study
amongone-year-old Indian children also indicated
thatsupplementalzincplusvitaminsresultedinhigher
activity levels thanwhenvitamins alonewere given
[96]. School-aged children inChina demonstrated
improvedneuropsychologic test performancewith

supplemental zinc,with the greatest improvements
observedwhenothermicronutrientswerealsogiven
[27].

Zincandappetite

Zinc deficiency has also been associated with
reductionsinappetiteandmaytherebycontributeto
deficienciesofothernutrients.Decreasedfoodintake
isobservedearlyduringthecourseofzincdepletion
inanimalmodels[97],andanorexiaisasymptomof
clinicalzincdeficiencyinhumans[16].Zinc-responsive
anorexia has been demonstrated in population
studies aswell.A controlled zinc supplementation
trial among low-incomeUS childrenwith evidence
ofmild zincdeficiency resulted in increaseddietary
intakes (137%energy intakeof control group) after
one-yearofzincsupplementuse(~4.2mgzinc/day)
[98].Asignificantreductioninreportedanorexiawas
alsoobservedfollowingzincsupplementationamong
stuntedEthiopian children [46].However, because
thehigh rates ofmorbiditywere also responsive to
zincinthelatterstudy,itisnotpossibletodetermine
towhatextentanorexiaresultedprimarilyfromzinc
deficiency orwas associatedwithmorbidity. The
mechanisms that link zinc status to appetite control
are notwell understood, and it is unclearwhether
appetitereductionprecedesgrowthretardationorvice
versa [99].Nonetheless, the effectsof zinc statuson
growthandappetitemaybeintegrallyrelatedandboth
outcomeswould likely be corrected simultaneously
throughimprovedzincintakes.

1.5Humanzincrequirements

Sincethemid1990s,theWorldHealthOrganization/
Food andAgricultureOrganization/International
AtomicEnergyAssociation(WHO/FAO/IAEA)andthe
FoodandNutritionBoard(FNB)oftheUSInstitute
ofMedicine(IOM)haveconvenedexpertcommittees
todevelopestimatesofhumanzincrequirementsand
toproposethecorrespondingdietaryintakesthatare
neededtosatisfytheserequirements[11,100,101].For
mostageandphysiologicgroups,thecommitteesused
afactorialmethodtoestimatetheaveragephysiologic
zincrequirement,whichisdefinedastheamountof
zinc thatmustbe absorbed tooffset the amountof
endogenous zinc lost fromboth intestinal andnon-
intestinal sites.Non-intestinal sources of zinc loss
includetheurine,“surfacelosses”(desquamatedskin,
hair,nails,sweat),and,inadolescentsandadults,semen
ormenstrualflow.Ingrowingchildrenandpregnant
women,theamountofzincretainedinnewlyaccrued
tissueisalsofactoredintototalphysiologicneeds,and
inlactatingwomenthezinctransferredinbreastmilk
isaddedtotherequirements.
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When applying this conceptual framework, the
committeesconsideredtheamountsofzinclostfrom
non-intestinal sites tobe fixed, because these losses
are generally constant across awide range of zinc
intakes [11].On theotherhand, intestinal excretion
ofendogenouszincvariesconsiderablyinrelationto
the amountof absorbed zinc.Thus, the figureused
forintestinallossofendogenouszincisappropriately
estimatedasthelevelthatoccurswhentotalabsorbed
zincisjustadequatetomeetthetheoreticalphysiologic
needs.Inthefollowingparagraphs,wewilldescribein
greaterdetailtheconceptualframeworksandspecific
sourcesofdatausedbythevariousexpertcommittees
toestimatethephysiologicrequirementsforabsorbed
zincindifferentageandphysiologicgroups.Insection
1.6,wewillthendiscussseveralissuesconcerningthe
absorptionofdietary zinc andprovide estimatesof
dietaryzincrequirementsandrecommendeddietary
intakes.

1.5.1Adultmen

As indicated above, thephysiologic requirement for
zinccanbedefinedastheamountofzincthatmustbe
absorbed to counterbalance the sumof endogenous
zinclostthroughallroutesofexcretionplustheamount
ofzincretainedinnewlyaccruedtissue.TheFNB/IOM
estimatedmeanurinaryzincexcretionbyadultmales
tobe0.63mg/day,basedontheamountsreportedfrom
17previouslypublishedstudiesofindividualswhose
zinc intakes (4 to25mg/day)werewithin the range
atwhichurinaryconcentrationsarenotinfluencedby
zincintake[11].Thecorrespondingfigurepublished
byWHO(0.3mg/day)wasbasedonjusttwostudies
[102, 103],whichwere conducted inmenwhohad
verylowzincintakes(0.8to3.6mg/day);theobserved
amountsofurinary zincwere then inflatedby40%
to account for the degree of reduction in urinary
zinc excretion thatoccurred in response to the low
intakesthatwereprovidedinthosesamestudies.The
authorsof thepresentdocument conclude that the
informationderivedby theFNB/IOMcommittee is
more reliablebecause that reportdid the following:
(1)reviewedalargernumberofstudies;(2)included
onlystudiesinwhichzincintakesfellwithintherange
inwhichurinary excretion is constant andwhich is
likelytoincludethetruephysiologicrequirement;and
(3)providedmore extensivedocumentationof the
analyticprocess.
TheFNB/IOMreportconsideredjustonestudyof

integumentalandsweatlossesofzinc[104],whichwas
carriedoutin11adultmaleswhosemeanzinclosses
of0.54mg/daydidnotchangeinresponsetodifferent
levelsofdietaryzincintakesrangingfrom1.4to10.3
mg/dayduringperiodsof28–35days.Hence,thissingle
figurewas applied for surface lossesof endogenous
zinc.TheWHOreportsreferredtoasingleearlierstudy

ofeightadultmalevolunteers[102]inwhomsurface
lossesof zincdeclined from0.49mg/daywhen they
consumedadietcontaining8.3mgzincperdayto0.28
mg/daywhentheyconsumedonly3.6mgzincperday.
TheIZiNCGSCconcludedthatalthoughsurfacelosses
ofzincmaydeclinewithveryrestrictedzincintakes,it
ispreferabletoestimateendogenouslossesthroughthis
routewhenintakesaresufficienttomeetphysiologic
needs.Thus,theIZiNCGSCdecidedthatuntilmore
informationbecomesavailableitwouldbeappropriate
to use the study results applied by the FNB/IOM
committee.However, as it isdesirable to adjust zinc
lossesbythisrouteforbodysize,asdiscussedinfurther
detailbelow,theIZiNCGSCappliedthefigureperkg
bodyweight(i.e.,6.5µg/kg)asderivedfromJohnson
etal[104].Thusfora65-kgadultman,theamountof
zinclostviatheintegumentis0.42mg/day.
Unlike the WHO committees, which did not

include an estimateof zinc loss in semen, theFNB/
IOMcommitteeconsideredinformationprovidedin
twopapers [104, 105]on the zinc concentrationof
semenandejaculatevolumeofthesame11volunteers
forwhom surface losseswere reported above.The
men’s semen zinc concentrations (0.11mg/ml)did
not changewith restricteddietary zinc intakes, and
the ejaculate volumedecreased significantlyonly at
thelowestlevelofzincintake(1.4mg/day).Thus,the
FNB/IOMcommitteedecided touse a single figure
of0.10mgzinclossperdayinsemen,consideringa
meanejaculatevolumeof2.8mlandameannumber
of2.45ejaculationsperweek.TheIZiNCGcommittee
agreeswiththegeneralapproachusedbyFNB/IOM,
althoughmoreinformationisneededfromagreater
rangeof individuals,particularlyon themeandaily
volumeofsemen.Pendingtheavailabilityofadditional
information,IZiNCGacceptsthefigureof0.10mg/day
foraveragezinclossinsemen.
Toestimatetheintestinal lossofendogenouszinc,

theWHOcommitteesusedtheresultsfromonestudy
thatreportedatotalfecalzincexcretionof0.5mg/day
insixyoungadultmaleswhoreceived0.28mgzincper
dayfor4–9weeks[106].Thisleveloffecalzincoutput
wasfelttorepresenttheminimalamountthatmight
beexcretedafteradaptationtoaseverelyrestricteddiet.
TheWHOcommitteetheninflatedthefigureforfecal
lossesby40%,althoughthebasisforthisadjustment
wasnotwellsubstantiatedintheWHOreports.Thus,
thederivationofthefigureof0.8mg/dayusedbyWHO
toindicateendogenousfecalzinclossesinadultmen
notadaptedtolowintakesofzincisquestionable.
The FNB/IOM committee considered a larger

number of studies for their analyses and applied a
somewhatdifferentconceptualapproach toestimate
intestinal losses of endogenous zinc. In particular,
theFNB/IOMcommittee identified10 studies from
7 published articles thatmeasured total absorbed
zinc and intestinal excretion of endogenous zinc

Chapter1



S107

using radio- or stable-isotope techniques, where
the absorbedzincwas estimated fromawholeday’s
dietary intake.Only studies thatwere conducted in
NorthAmerican or Europeanmen 19–50 years of
agewereacceptedfor inclusionintheanalysis.After
examiningthisinformation,theFNB/IOMcommittee
concludedthat,“excretionofendogenouszincviathe
intestine is amajor variable in themaintenanceof
zinc homeostasis and is strongly correlatedwith
absorbedzinc.”Therefore,toestimatethephysiologic
requirement for absorbed zinc, theydecided that it
wouldbenecessarytoconsidertheamountofintestinal
lossesofendogenouszincthatwouldoccurwhenthe
absorbedzincisjustsufficienttooffsetthesumofall
sourcesofendogenouszinclostfrombothintestinal
andnon-intestinalsites.
Using this analytic approach, the FNB/IOM

committeeconcludedthat2.57mg/dayofendogenous
zincwouldbeexcretedinfeceswhentheamountof
absorbed zinc is equivalent to the total losses of
endogenouszincfromallsources,andthephysiologic

requirementforabsorbedzincinadultmenistherefore
3.84mg/day(i.e.,withendogenouslosses0.63mg/day
fromurine,0.54mg/dayfromintegumentandsweat,
0.10mg/dayfromsemen,and2.57mg/dayinfeces,it
wouldbenecessarytoreplaceatotalof3.84mg/day
of endogenous losses of zinc).The estimate of the
physiologic requirement for absorbed zinc derived
fromthesedataisillustratedgraphicallyinfigure1.2,
whichisexcerptedfromtheFNB/IOMreport.Theten
datapoints that the FNB/IOMcommitteeused for
theseanalysesaresummarizedintable1.3[13,14,103,
107–115].Asshowninthetable,thestudiesemployed
dietsthathadafairlylowrangeofphytate:zincratios,
includingseveralthatwereformuladietspreparedfrom
purifiedingredients.
The IZiNCG SC concluded that the conceptual

approachusedbytheFNB/IOMcommitteetoestimate
intestinalexcretionofendogenouszincismoreappro-
priatethanthatusedbyWHO.However,theIZiNCG
SC felt that, for thedevelopmentof internationally
relevantestimatesofzincrequirements,itisappropri-
ateanddesirabletousethesamemethodologictypes
ofstudiesastheFNB/IOM,buttoexpandthedatabase
usedinthisanalysistoincludeallavailablestudiesof
apparentlyhealthymenandwomen,regardlessoftheir
ageandnationality.Further,theIZiNCGSCinitially
restricteditsanalysistothosestudiesthatusedmixed
diets prepared fromcommon foods (i.e., studies in
which supplemental zinc saltsor exogenousphytate
were added to thedietwere excluded). Studies that
manipulated severalnutrientsor isolated foodcom-
ponentssimultaneouslywerealsoexcluded.Usingthese
criteria,ninenewstudieswereidentified.Forthisnew
setofstudies,therelationshipbetweentotalabsorbed
zinc and fecal endogenous losseswas examinedby
linearregressionanalysis,weightingbythesamplesize
oftherespectivestudies.
The relationshipbetween total absorbed zinc and

fecallossesofendogenouszincwasthenexploredto
determinewhetherthisrelationshipwasinherentlydif-
ferentbetweenthenewsetofstudiesaddedandthose
usedpreviouslybytheFNB/IOM.Notably,therewere
no significantdifferences in the slopesor intercepts
oftherespectivebest-fitlines,asshowninfigure1.3.
Further,whenallstudiesthatemployeddietsprepared
withcommonfoodswerethencomparedwiththose
thatemployedsemi-purified,formuladiets,therewere
nosignificantdifferencesintherelationshipbetween
absorbed zinc and endogenous fecal losses of zinc.
Moreover,therewerenosignificantdifferencesinthis
relationshipwhenstudiesconductedinmenorwomen
werecompared.Itmaythusbeinterpretedthat,once
absorbed, the relationship between the amount of
absorbed zinc and the amountof endogenous zinc
excreted via the intestine is not dependent on the
sourceofzincingested(i.e.,zincsaltsvsdietaryzinc).
Becauseofthelimitednumberofavailablestudiesin
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FIG.1.2.Graphicalrepresentationoftheconceptualmodel
usedbyFNB/IOM[11] to estimate intestinal endogenous
lossesofzincandtotalendogenouslossesofzinc,whenthe
amountofabsorbedzincissufficienttooffsetalllosses.The
10datapointsrepresentmeandatafrom7publishedstudies
of zinc absorption and intestinal losses of endogenous
zinc in adultAmericanorWesternEuropeanmen (19–50
yearsof age).The regression line ( )of thedatapoints
represents the relationship between total absorbed zinc
and intestinal lossesof endogenous zinc.Theparallel line
above( ) represents the totalendogenous lossesofzinc
afteraddingthestaticlossesthroughurine,integument,and
semen.Thelineofperfectagreement( )indicateswhere
total endogenous losseswouldbe equal to the amountof
absorbedzinc.Theverticalline( )isderivedfromthepoint
where the totalendogenous lossesofzinccrosseswith the
lineofperfectagreement,thusrepresentingthephysiologic
requirementforabsorbedzincforNorthAmericanadultmen
(i.e.,3.84mg/day).
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eachoftheforegoingsubsetsanalyzedbytheFNB/IOM
andIZiNCGcommittees,respectively,theIZiNCGSC
decidedthatthemostreliableestimateoftherelation-

shipbetweentotalabsorbedzincandendogenousfecal
zincshouldbebasedonthefullsetofavailableinfor-
mationfromall19studies(includingthetenstudiesin
theoriginalFNB/IOManalysisandthenineadditional
studiesidentifiedbytheIZiNCGSC).Figure1.4shows
therelationshipbetweentotalabsorbedzincandfecal
endogenous zinc for the combineddata set. Based
on this combined set of information, 1.54mg/day
ofendogenouszincwouldbeexcretedinfeceswhen
theamountofabsorbedzincisequivalenttothetotal
lossesof endogenous zinc fromall sources, and the
physiologic requirement for absorbed zinc in adult
menistherefore2.69mg/day.Thatis,withendogenous
lossesof0.63mg/day fromurine,0.42mg/day from
integumentandsweat,0.10mg/dayfromsemen,and
1.54mg/dayinfeces,itwouldbenecessarytoreplace
a totalof2.69mg/dayof endogenous lossesof zinc.
Estimatesforthevarioussourcesofendogenouslosses
of zinc for65-kgadultmenderivedby the IZiNCG
SCare summarized in table1.4.For thepurposeof
comparison, theestimatesderivedby theWHOand
FNB/IOMcommitteesarealsoshown.

TABLE1.3.SummaryofstudiesusedbytheFNB/IOMcommittee[11],theIZiNCGSC,orbothcommittees,toestimatethe
relationshipbetweentotalabsorbedzincandintestinallossesofendogenouszinc.

Sourceofdata Dietdescription n

Totalzinc
intake
(mg/day)

Phytate:
zincmolar
ratio

Intestinal
lossesof

endogenous
zinc

(mg/day)

Total
absorbedzinc
(mg/day)

FNB/IOMonly

Leeetal.[13] Soyprotein-based,
6months

 8  4.1 21 1.8 2.4

Tayloretal.[102] Semi-purifiedformula  5  5.6  0 1.9 2.2
Tayloretal.[102] Semi-purifiedformula  5  0.9  0 0.8 0.8
Turnlundetal.[106] Purifiedformuladiet,

youngmen
 6 15.0  0 3.8 5.0

Turnlundetal.[107] Semi-purifiedformula  4 15.0  0 2.7 5.1

FNB/IOMandIZiNCG

Leeetal.[13] Hospital  8 12.6 * 4.3 5.5
Jacksonetal.[108] Mixed  1  7.2 * 3.0 3.4
Huntetal.[109] Mixed 14 14.0  5 1.6 3.1
Wadaetal.[110] Mixed  6 16.5  4 1.9 4.1
Wadaetal.[110] Mixed  6  5.5 12 1.9 2.7

IZiNCGonly

Knudsenetal.[111] High-fiber,mixed  8 10.7  6 2.6 3.1
Huntetal.[112] Lacto-ovo-vegetarian 21  9.1 18 0.8 2.4
Huntetal.[112] Mixed 21 11.1  5 1.4 3.7
Huntetal.[113] Lowmeatcontent 14  6.7 15 0.4 2.0
Huntetal.[113] Highmeatcontent 14 13.0  8 0.9 3.6
Sianetal.[14] Plant-based 10  5.2 11 1.3 1.6
Sianetal.[14] Mixed 10  8.1 10 2.3 2.8
Huntetal.[109] Mixed 14  7.8  5 2.0 2.3
Loweetal.[114] Mixed  6  7.0  8 2.0 2.0

*=Notavailable.
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Onefinalconsiderationforthederivationofphysi-
ologiczincrequirementestimatesthatareinternation-
allyapplicableisthatofreferencebodyweights.The
FNB/IOMDietaryReferenceIntakecommitteeapplied
reference bodyweights that are suitable forNorth
Americanpopulations.However,theIZiNCGSCfelt
thatthereferencebodyweightsadoptedbytheWHO,
andbasedontheNCHS/CDC1977growthreference
data,aremore suitable for thepresent report.Based
ontheavailabledataforbodyweightofsubjectsfrom
17ofthe19studiesusedintheanalysisofendogenous
lossesof intestinal zinc, theaveragebodyweightsof
the adult subjects (men,71kg;women,61kg)were
intermediate to the referencebodyweightsusedby
FNB/IOM(men,75kg;women,65kg)andthoseused
byWHO(men,65kg;women,55kg).TheIZiNCGSC
thusfeltitwasunnecessarytocorrectintestinallosses
accordingtodifferentbodyweightsamongadultmen.
Similarly,itisunlikelythaturinarylossesofzincwould
varypredictablyaccording todifferentbodyweights
amongadultsofdifferentsizes.Ontheotherhand,as
integumentalzinclossesmaybemoredirectlyassoci-

atedwithbodysurfaceareaandhencebodysize,itwas
feltappropriatetoapplytheselossestobothadultmen
andwomenaccordingtoreferencebodyweight.

1.5.2Adultwomen

The foregoing conceptual issues concerning zinc
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FIG. 1.4.Graphical representationof themodel usedby
theIZiNCGSCinthepresentreporttoestimateintestinal
endogenous lossesof zinc and total endogenous lossesof
zinc,whentheamountofabsorbedzincissufficienttooffset
all losses.The19datapointsrepresentmeandatafrom12
publishedstudiesofzincabsorptionandintestinallossesof
endogenouszincinadultmenandwomen(19–50yearsof
age).Theregressionline( )ofthedatapointsrepresents
therelationshipbetweentotalabsorbedzincandintestinal
lossesofendogenouszinc.Theparallellinesabove( men,

women) represent the total endogenous lossesof zinc
afteraddingthestaticlossesthroughurine,integument,and
semen.Thelineofperfectagreement( )indicateswhere
total endogenous losseswouldbe equal to the amountof
absorbedzinc.Theverticallines( men, women)arederived
from thepointwhere the total endogenous lossesof zinc
crosseswiththelineofperfectagreement,thusrepresenting
thephysiologicrequirementforabsorbedzincfor65kgadult
men(i.e., 2.69mg/day)and55kgadultwomen(i.e., 1.86
mg/day).

TABLE 1.4. Estimated physiological requirements for
absorbed zinc in adultmenandwomen, asdevelopedby
expertcommitteesoftheWHO[99,100],theUSFNB/IOM
[11],andasreviewedbyIZiNCG

Endogenouszinc
losses(mg/day)
inadultmenand
women,bysource
ofloss

Sourceofestimatedphysiological
requirements

WHO IOM

Revisions
sug-

gestedby
IZiNCG

Men
Referencebody
weight(kg)

65 75 65

Urinaryexcretion 0.30 0.63 0.63

Integument 0.30 0.54 0.42

Semen — 0.10 0.10

Totalnon-intestinal
endogenouslosses

0.60 1.27 1.15

Intestinalexcretion
ofendogenouszinc

0.80 2.57 1.54

Totalendogenous
losses

1.40 3.84 2.69

Women

Referencebody
weight(kg)

55 65 55

Urinaryexcretion 0.30 0.44 0.44

Integument 0.20 0.46 0.36

Menstrualblood — 0.10 0

Totalnon-intestinal
endogenouslosses

0.50 1.00 0.80

Intestinalexcretion
ofendogenouszinc

0.50 2.30 1.06

Totalendogenous
losses

1.00 3.30 1.86

Additionalrequire-
mentsforpreg-
nancy(first,
second,thirdtri-
mesters)

0.1,0.3,
0.7

0.16,
0.39,
0.63

0.70a

Additionalrequire-
mentsforlacta-
tion(0–3months,
3–6months,>6
months)

1.4,0.8,
0.5

1.35b 1.0b

a.A single estimate for additional zinc requirements is applied
throughoutpregnancy.

b.A single estimate for additional zinc requirements is applied
throughoutlactation.
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requirementsgenerallyapplytowomenaswellasmen.
However,forseveralreasons,thespecificfiguresused
forendogenouszinclossesdifferbysex,asdescribed
inthefollowingparagraphs.TheFNB/IOMcommittee
examined the resultsof 10published studies to cal-
culateameanurinaryzincexcretionof0.44mg/day
foradultfemales.TheWHOcommitteereliedonthe
resultsofjustonestudyofwomenwhowerereceiving
veryrestrictedzincintakes,andtheninflatedtheresults
by40%,asdescribedpreviouslyformen.Forthesame
reasonsdescribed above, the IZiNCGSChasmore
confidence in the figureproposedby theFNB/IOM
committeeforurinarylossesofzincinwomen.
Eachof the former expert committees estimated

women’s surface losses of zinc by adjusting for
differences inbody surface area to extrapolate from
the data available frommen.Because the IZiNCG
SCpreferred the original estimates for adultmales
proposed by the FNB/IOMcommittee, these same
figures(adjustedforbodysize)wereadoptedforadult
females(i.e.,0.0065mgzinc/kgbodyweight/day×55
kg=0.36mgzinc/day).Thereislittleinformationon
endogenouszinclossesinmenstrualfluid.Inonestudy
[116],theaverageexcretionofmenstrualfluidduring
asingleperiodwas60g,andthemeanzinccontent
was approximately 2.8 µg/gmenstrual fluidor 154
µgduringeachmenstrualperiod.Thisresultedinan
averagedailyzinclossofabout5µg/day,considering
the average cycle lengthof thewomen in the study.
TheWHOcommitteesdidnotaccountformenstrual
zinc losses, but theFNB/IOMcommittee estimated
averagemenstrual losses tobe0.1mg/day.However,
this estimatewasbasedon erroneous interpretation
ofdatafromtheaforementionedstudy[116].Because
lossofzincbythisrouteisnegligible,theIZiNCGSC
concludedthatitcanbeignoredinestimatesofzinc
requirements.
Asdiscussedabove,theIZiNCGSCprefersthecon-

ceptualapproachusedbytheFNB/IOMcommitteeto
estimate fecal lossesof endogenous zinc.Using this
approach, the amountof intestinal lossesof endog-
enouszincthatwouldoccur inadultwomenis1.06
mg/daywhentheamountofabsorbedzincisjustsuf-
ficienttooffsetthesumofallsourcesofendogenous
zincloss(1.86mg/day)frombothintestinalandnon-
intestinalsites,assumingareferencebodyweightof55
kg,asshowninfigure1.4.Theendogenouslossesof
zincbyintestinalandnon-intestinalroutesfora55-kg
adultwomanaresummarizedintable1.4.

1.5.3Children

Infants0-6months

Very little empirical information isavailableonzinc
homeostasis, and, therefore, little information is
available onphysiologic requirements for absorbed
zinc in infants less than6monthsofage.Moreover,

thereissomeevidencethatyounginfantsmaybeable
toacquireaportionoftheirzincneedsbymobilizing
hepaticreservesaccumulatedduringgestation[117],
therebypossiblymodifying theirneed for absorbed
zinc from thediet. Studies of exclusively breastfed,
healthy, term infants in theUnitedStates foundno
differencesinthegrowthpatternsofthosewhoreceived
zincsupplementsorplacebofrom4–6monthsofage,
suggestingthattheirzincintakefrombreastmilk,along
withanyadditionalzinccontributedfrompre-existing
stores,wasadequatetomaintainnormalgrowth[118].
Ontheotherhand,Europeaninvestigatorsfoundthat
infants4–9monthsofageofimmigrantpopulations
had increased rates of growthwhen supplemented
withzinc(5mg/dayforthreemonths)[119].However,
theselatterinfantswerenotexclusivelybreastfed,soit
isconceivablethatfoodswithlowerzincdensitywere
displacingbreastmilk and/or these foods interfered
withzincabsorptionfrombreastmilk.Althoughmore
information isneeded, it appears that zinc transfer
frombreastmilk is adequate for full-term,normal-
birthweight, exclusivelybreastfed infantsuntil about
6monthsofage.
The FNB/IOM committee did not attempt to

estimatephysiologic requirementsof zinc for young
infants.Instead,thecommitteedescribedpresumably
adequateintakes(AIs),basedonthecontentofzincin
breastmilkatdifferentagesandtheaverageamountof
milkconsumed.It is important tonotethatbecause
thezincconcentrationofhumanmilkdeclinessharply
duringthefirstfewmonthspost-partum,thetotalzinc
transferredthroughmilkfallsfromabout2.5mg/dayat
onemonthtoapproximately0.8mg/dayatsixmonths
[11]. Based on average figures for zinc transfer in
breastmilk from0–5monthspost-partum,theFNB/
IOMproposed2.0mg/dayastheAIforinfantsinthis
agerange.Bycontrast,theWHOcommitteesdeveloped
estimatesofphysiologic zinc requirementsof young
infantsbyextrapolatingfromdataforadultsinrelation
tometabolicrateandthenaddingtheamountofzinc
incorporated intonewlydeposited tissue.Using this
approach, theWHOcommittees suggested that the
requirement for absorbed zinc from0–5monthsof
agerangesfrom0.7–1.3mg/day,dependingonageand
sex.Thiscompareswiththeestimateforabsorbedzinc
of~0.7mg/daydevelopedbyKrebs andHambidge
[120].Consideringtheavailableinformation,IZiNCG
concludesthatbreastmilkisasufficientsourceofzinc
for exclusively breastfed, normal-birthweight term
infantsuntilabout6monthsofage.Non-exclusively
breastfed infantsneed to absorb approximately 1.3
mg/dayduring the first threemonthsof lifeand0.7
mg/dayduringmonths3–5.
Even less information is available on the zinc

requirementsofinfantswithlowbirthweightdueto
prematurityand/orintra-uterinegrowthretardation.
Low-birthweight infants may have greater needs

Chapter1



S111

for absorbed zinc thannormal-birthweight infants
becauseoflimitedhepaticreservesatbirthandhigher
ratesofpostnatalgrowth.Notably,severalresearchers
havefoundthatlow-birthweightinfantshadincreased
growth rates following zinc supplementation,which
rangedfrom2to5mg/dayofsupplementalzincinthe
availablestudies[43,53,54].Moreresearchisneededto
establishthephysiologicrequirementsforzincamong
low-birthweightinfants.

Children6monthsto18years

TheFNB/IOMused a factorialmethod to estimate
physiologic zinc requirements of older infants and
children.Lossesofendogenouszincfromnon-intesti-
nalsites(i.e.,urinaryandsurfacelosses)wereestimated
tobe0.014mg/kg/dayonthebasisofextrapolations
fromadultsperunitbodyweight.Fecalexcretionof
endogenouszincwasestimatedtobe0.050mg/kg/day
forinfants6–11monthsofage,basedonempiricaldata
obtainedfrombreastfedinfants,and0.034mg/kg/day
forolderchildren,asextrapolatedfromadultdata.To
these figures for endogenous losseswere added the
amount of zinc required for growth,which is esti-
matedtobe0.020mg/goftissuegained.Thefigures
for endogenous losses and zinc content of accrued
tissuewerethenmultiplied,respectively,bytherefer-
encebodyweightandtheexpectedrateofweightgain
atdifferentages.Formaleadolescents14–18yearsof
age,anadditional0.1mg/daywasincludedintheesti-
matedphysiologicrequirementstoaccountforlosses

insemen.TheWHOcommitteesestimatedphysiologic
zincrequirementsthroughoutchildhoodbyextrapolat-
ingfromthedatausedtoestimateendogenouslosses
inadults.
For the sakeof consistencywith the information

discussedaboveforadults,theIZiNCGSCprefersto
followthefactorialapproachusedbytheFNB/IOM,
buttobaseintestinallossesofendogenouszinconthe
estimatesderivedby IZiNCGand touse theNCHS/
CDC/WHOreferencebodyweights,assummarizedin
table1.5.Totalendogenouszinclossesarecalculated
as 0.064mg/kg/day for infants 6–11monthsof age
and0.034mg/kg/dayforchildrenoneyearofageand
older (i.e., urinary losses 0.0075mg/kg/day, surface
losses0.0065mg/kg/day,andintestinallossesof0.05
mg/kg/dayforinfants6–11monthsor0.02mg/kg/day
forchildren1yearandolder).Forexample,children
6–11monthsofagewhohaveareferencebodyweight
of 9 kg and expectedweight gainof 13 g/day,need
0.576mg/day (i.e., 9 kg× 0.064mg/kg) to replace
endogenouslossesand0.260mg/day(13g/day×0.020
mg/g)fortissueaccrual,resultinginatotalphysiologic
requirementof0.836mg/day.Thesameprocedurewas
usedinchildren1–3,4–8,9–13,and14–18yearsofage,
usingtheirrespectivereferencebodyweightsandrates
ofweightgain(table1.5).

1.5.4Pregnancy

Accrualofzincinnewlysynthesizedfetalandmaternal

TABLE1.5.Estimatedphysiologic requirements for absorbed zincduring childhoodby age groupand sex, andduring
pregnancyandlactation,asdevelopedbyexpertcommitteesoftheWHO[100,101],theUSFNB/IOM[11],andasreviewed
byIZiNCG

WHO FNB/IOM RevisionssuggestedbyIZiNCG

Age,sex

Reference
weight
(kg)

Physiologic
requirement
(mg/day) Age,sex

Reference
weight
(kg)

Physiologic
requirement
(mg/day) Age,sex

Reference
weight
(kg)

Physiologic
requirement
(mg/day)

6–12mo  9 0.84 7–12mo  9 0.84 6–11mo  9 0.84
1–3yrs 12 0.83 1–3yrs 13 0.74 1–3yrs 12 0.53
3–6yrs 17 0.97 4–8yrs 22 1.20 4–8yrs 21 0.83
6–10yrs 25 1.12
10–12yrs,M 35 1.40 9–13yrs 40 2.12 9–13yrs 38 1.53
10–12yrs,F 37 1.26
12–15yrs,M 48 1.82
12–15yrs,F 48 1.55
15–18yrs,M 64 1.97 14–18yrs,M 64 3.37 14–18yrs,M 64 2.52
15–18yrs,F 55 1.54 14–18yrs,F 57 3.02 14–18yrs,F 56 1.98
Pregnancy — 2.27 Pregnancy

(1st,2nd,
3rdtrimes-
ter)

— 4.12,4.42,
5.02

Pregnancy — 2.68

Lactation — 2.89 Lactation
(0–3,3–6,
6–12mo)

— 4.92,3.82,
4.52

Lactation — 2.98
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tissue during pregnancy imposes an additional
physiologicrequirementforzinc.BoththeFNB/IOM
and WHO committees based these requirement
estimates ondata derived fromSwanson andKing
[121].TheFNB/IOMestimatedtheseadditionalzinc
needs as 0.16mg/day during the first trimester of
pregnancy,0.39mg/dayduringthesecondtrimester,
and0.63mg/dayduringthethirdtrimester;andWHO
providedsimilarestimatesoftherespectiveamounts
neededineachtrimester,asfollows:0.1mg/dayduring
thefirsttrimester,0.3mg/dayduringthesecond,and
0.7mg/dayduringthethird.Toprovideasinglefigure
for the amountof additional zinc thatneeds to be
absorbedduringpregnancy, IZiNCGproposesusing
the figure of 0.7mg/day,which covers the amount
neededinthethirdtrimester.Itshouldberecognized,
however, that this single figure overestimates the
average requirements for absorbed zinc in the first
andsecondtrimesters.Thisadditionalamountofzinc
neededduringpregnancyshouldbeaddedtotheusual
age-specificphysiologicrequirementsforabsorbedzinc
ofadolescentoradultwomen.

1.5.5Lactation

Theamountofzinctransferredfrommothertoinfant
inbreastmilkmustbeaddedtolactatingwomen’sphys-
iologicrequirementsforabsorbedzinc.Thisamountis
calculatedbymultiplyingtheaveragevolumeofmilk
transferred to the infant by the zinc concentration
ofhumanmilk atdifferentpost-partumperiods.To
complete these calculations, theFNB/IOMcommit-
tee appliedmilkvolumes thatweremeasured inUS
womenduringthefirstyearpost-partum(0.78L/day).
TheFNB/IOMalsosummarizedtheresultsof12stud-
iestoprovideage-specificinformationonthezinccon-
centrationofhumanmilk(2.75mg/Lat4weeks,2.0
mg/Lat8weeks,1.5mg/Lat12weeks,and1.2mg/L
at24weeks).Usingthesetwosetsofinformation,the
FNB/IOMcommitteeproduceda single estimateof
1.35mg/day for the average additional amount of
absorbedzincneededtosupport lactation,afterdis-
counting an assumed1mg/dayof endogenous zinc
thatmaybecomeavailableduringthefirstmonthpost-
partumbecauseof involutionofreproductivetissue.
TheWHOcommitteesuseddatafromjust3ofthe12
studiescitedbyFNB/IOMtoestimatethezinccontent
ofhumanmilk(2.5mg/Lat1month,0.9mg/Lat3
months,and0.7mg/Lat4months).WHOestimated
thatanadditional1.4mgzinc/dayisneededfrom0–3
monthspost-partum,0.8mg/day from3–6months,
and0.5mg/daythereafter.
Becausewomenfromdevelopingcountriestypically

breast feed for longer periods of time thandoUS
women,andbecausebreastmilkvolumechangeswith
infantage,theIZiNCGSCfeltitwouldbedesirableto
derive estimatesof zinc transfer inbreastmilkusing

data onmilk output fromwomen in developing
countries.Because the zinc concentrationofhuman
milk seems to be affectedminimally, if at all, by
maternal zinc status, it seems reasonable touse the
moreextensivesetofdataonmilkzincconcentrations
thatwas summarized by the FNB/IOM.Table 1.6
showsthemeanamountofmilkconsumedbyinfants
indevelopingcountriesatdifferentages,aspublished
inarecentreview[122].Thesefiguresweremultiplied
bythemeanzincconcentrationofhumanmilkforthe
samepostpartumperiods as reportedbyFNB/IOM
[11]toestimatethetotalamountofzincexcretedin
breastmilk.Asindicatedintable1.6,theadditionalzinc
needsimposedbylactationareconsiderable,especially
duringtheearlymonthsofbreastfeeding.Onaverage,
about1mgofadditionalzincmustbeabsorbedduring
lactation.Althoughmorethanthisamountmightbe
neededduringtheinitialmonths,itislikelythatthis
ispartiallyoffsetbyzincreleasedduringinvolutionof
reproductivetissue.Thus,thefigureof1mg/dayseems
tobeareasonableestimateoftheadditionalamount
of absorbed zincneeded throughout lactation.This
additionalamountshouldbeaddedtotheusualage-
specificphysiologicrequirementsforabsorbedzincof
adolescentoradultwomen.

1.6Dietarysourcesofzincandsuggested
revisionsofRecommendedDailyIntakes

Totranslatephysiologicrequirementsforabsorbedzinc
intorecommendations fordailydietaryzinc intakes,
itisnecessarytotakeintoaccounttheproportionof
zinc in thediet that is absorbedby the intestine. In
thissection,wepresentthefollowing:(1)areviewof
thedietaryfactorsthataffectzincabsorption;(2)esti-
matesofzincabsorptionfromdifferentdiets;and(3)
thederivationofdietary requirements,which incor-
porate informationon thephysiologic requirements
forabsorbedzinc(asdescribedinsection1.5)andthe
estimatedaveragezincabsorption.

TABLE1.6.Amountofzinctransferredfrommothertochild
inhumanmilk,byinfantage

Agerange
(months)

Milk
volume
(ml/day)a

Zincconcen-
tration

(mg/100ml)b

Zinc
amount
(mg/day)

0–2 714 0.230 1.64
3–5 784 0.135 1.06
6–8 776 0.120 0.93
9–11 616 0.120 0.74
12–23 549 0.120 0.66

a. DatafromBrownetal.[122]
b.DatafromFNB/IOM[11]

Chapter1



S113

1.6.1Dietarysourcesofzincandfactorsaffectingthe
proportionofzincavailableforabsorption

Zincoccurs inawidevarietyof foodsources,but is
found in highest concentrations in animal-source
foods, particularly in the organs and/or flesh of
beef,pork,poultry,fishandshellfish,andwithlesser
amounts ineggsanddairyproducts.Zinccontent is
relativelyhighinnuts,seeds,legumes,andwhole-grain
cereals, and is lower in tubers, refinedcereals, fruits,
andvegetables.Averagerangesofzinccontent(mg/100
gfreshweight)andzincdensity(mg/100kcal)inavari-
etyoffoodsourcesaresummarizedintable1.7,using
informationprovided in the InternationalMiniList
(WorldFoodDietaryAssessmentSystem,2.0,University
ofCalifornia,Berkeley;www.fao.org/infoods/software/
worldfood.html).
Asaresultofphysico-chemicalinteractions,dietary

factorscanaltertheproportionofzincthatisavailable
forabsorptionintheintestinebyasmuchas10-fold.
Most of the available information on the effect of
specificdietary factorson zinc absorptionhasbeen
derived from studiesmeasuring absorption from
singletestmeals.However,itisquestionablewhether
zincabsorptiondeterminedfromsinglemealstudies
reflects the true proportion of zinc thatwould be
absorbedfrommealsoverthecourseofawholeday,as
discussedbelow.Nonetheless,thelargeamountofdata
fromthesesinglemealstudiesisusefultoidentifythe
factorsthatdoaffectzincabsorptionandtoindicate
theirrelativeimpact.Basedonthesesinglemealstudies,
thedietarycomponentsthatdemonstrateasubstantial

impact on the absorption of zinc are phytate and
dietary calcium,which inhibit zinc absorption, and
protein,whichenhances absorption [123].The total
zinccontentofamealalsoinfluencestheabsorptionof
zinc;specifically,thepercentabsorptiondecreaseswith
increasingintakeofzinc[124],althoughtheabsolute
amountofzincabsorbedincreases.
Myo-inositolhexaphosphate (phyticacid)consists

ofaringofsixphosphateestergroups.Phytateisthe
magnesium,calcium,orpotassiumsaltofphyticacid;
theterm“phytate”isusedgenericallyinthisdocument
torefertothephyticacidmolecule,aswellasitssalt
forms.Phytateisaphosphorusstoragemoleculewith
ahighnaturalcontentinseeds,includingcerealgrains,
nuts,andlegumes,andalowercontentinotherplant
foods, suchas fruits, leaves, andothervegetables. In
legumes,phytateisuniformlydistributedandassoci-
atedwithprotein,whereasincerealgrainsitisgener-
allyconcentratedinthebran;inmaize,themajorityof
phytateexistsinthegerm.Phytateisastrongchelator
ofminerals, including zinc.Becausephytate cannot
bedigestedorabsorbedinthehumanintestinaltract,
mineralsboundtophytatealsopassthroughtheintes-
tineunabsorbed.The inhibitoryeffectofphytateon
zinc absorptionappears to followadose-dependent
response,andthephytate:zincmolarratioofthediet
hasbeenusedtoestimatetheproportionofabsorbable
zinc.Thephytate:zincmolarratiooffoodsordietsis
calculatedasfollows:

mgphytate/660 ,
mgzinc/65.4

TABLE1.7.Zinccontent,zincdensity,phytatecontent,andphytate-to-zincmolarratiosofcommonlyconsumedfoods;data
derivedfromtheInternationalMiniLista

Foodgroups

Zinccontent Phytatecontent

mg/100g mg/100kcal mg/100g
Phytate:zinc
molarratio

Liver,kidney(beef,poultry) 4.2–6.1 2.7–3.8 0 0
Meat(beef,pork) 2.9–4.7 1.1–2.8 0 0
Poultry(chicken,duck,etc.) 1.8–3.0 0.6–1.4 0 0
Seafood(fish,etc.) 0.5–5.2 0.3–1.7 0 0
Eggs(chicken,duck) 1.1–1.4 0.7–0.8 0 0
Dairy(milk,cheese) 0.4–3.1 0.3–1.0 0 0
Seeds,nuts(sesame,pumpkin,almond,etc.) 2.9–7.8 0.5–1.4 1,760–4,710 22–88
Beans,lentils(soy,kidneybean,chickpea,etc.) 1.0–2.0 0.9–1.2 110–617 19–56
Whole-graincereal(wheat,maize,brownrice,
etc.)

0.5–3.2 0.4–0.9 211–618 22–53

Refinedcerealgrains(whiteflour,whiterice,etc.) 0.4–0.8 0.2–0.4 30–439 16–54
Bread(whiteflour,yeast) 0.9 0.3 30 3
Fermentedcassavaroot 0.7 0.2 70 10
Tubers 0.3–0.5 0.2–0.5 93–131 26–31
Vegetables 0.1–0.8 0.3–3.5  0–116  0–42
Fruits  0–0.2  0–0.6 0–63  0–31

a. WorldFoodDietaryAssessmentProgram,2.0,UniversityofCalifornia,Berkeley
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where 660 =themolecularweightofphytate,and
65.4 =themolecularweightofzinc.
Thephytatecontent,andthephytate:zincmolarratio

ofsomecommonlyconsumedfoodsareshownintable
1.7. In general, seeds, nuts, legumes, andunrefined
cerealgrainshavethehighestphytate:zincmolarratios,
whichrangefrom22–88,whileotherplantfoodshave
phytate:zincmolarratiosintherangeof0–42.Animal
sourcefoodsdonotcontainphytateandthereforehave
aphytate:zincmolarratioequivalenttozero.
Calcium also has an inhibitory effect on zinc

absorption,althoughthismayonlyoccurwhenphytate
isalsopresentinthediet[123].Theinhibitoryeffect
ofcalciummayresultfromtheformationofinsoluble
calcium-zinc-phytatecomplexesintheintestinaltract.
Boththetotalamountandtypeofproteininthediet
influencezincabsorption.Increasingproteincontent
results in a greater percent absorption of dietary
zinc [124].Animalprotein, such as frommeat and
eggs, includingwheyprotein,appear tohave further
enhancingeffectsonzincabsorption,althoughcasein
maybeinhibitory[123].

1.6.2Revisedestimatesofdietaryrequirementsand
recommendedintakesforzinc

Two committees chargedwith developing dietary
reference values, the FAO/WHO/IAEA Expert
Consultation[100,101]andtheUSFoodandNutrition
Board/InstituteofMedicineStandingCommitteeon
theEvaluationofDietaryReferenceIntakes[11],have
estimatedthepercentabsorptionofdietaryzinc.Both
committees used a similar conceptual approach to
developtheseestimates,althoughthetypesofstudies
usedintheiranalysesdiffermarkedly.Eachcommittee
extracteddata from studies of zinc absorption and
plottedthemeanamountofabsorbedzincagainstthe
totalzincingestedfromthemealordietbeingtested.
Aregressionequationwasthenderivedfromthedata
andusedtodeterminetheamountoftotalzincthat
wouldneed tobe ingested such that the amountof
absorbedzincwouldbeequivalenttothephysiologic
requirement. This amount of total zinc ingested
represents thedaily“estimatedaverage requirement”
fromthediet,ortheEAR.Thephysiologicrequirement
forabsorbedzincdividedbytheassociatedtotalzinc
intake(×100%)representsthe“critical”averagezinc
absorption, i.e., the percent of dietary zinc that is
absorbedwhenthelevelofintakeisjustadequateto
satisfythephysiologicrequirement.
TheIZiNCGSCreviewedthemethodsusedbythe

WHOand FNB/IOM committees to estimate zinc
absorption, taking into consideration themethodol-
ogyusedtomeasureabsorption,thetypesofdietsand
subjectsfromwhichdatawerederived,aswellasthe
modelsusedtosummarizethesedata.
Twogeneraltypesofstudydesignshavebeenused

mostcommonlytoestimatedietaryzincabsorption:
single-mealstudiesandtotal-dietstudies.Single-meal
studiesarethosethatmeasureabsorptionfromasingle
testmeal,whereas total-diet studiesmeasure zinc
absorptionfrommultiplemealsconsumedover1or
moredays.Zincabsorptiondataderivedfromtotal-diet
studieshavetwomainadvantages.First,thesestudies
labelmealswitheitherradioisotopesorstable-isotopes
ofzincand,usingfecalmonitoringtechniques,areable
to estimate true zinc absorption for each individual
by correcting for the simultaneous intestinal losses
of endogenous zinc that occur during digestion.
On the contrary, most single-meal studies have
used radioisotope tracers andwhole-body counting
tomeasure zinc retention. Thismethod can only
estimatetrueabsorptionofzincbyapplyinganaverage
correction factor for intestinal lossesof endogenous
zinc,derived froma separate study. Second, there is
alsoevidencefromstudiesofironabsorptionthatthe
percent ironabsorptionmeasured froma single test
mealdifferssignificantlyfromthatmeasuredfroma
totaldietofsimilarcompositionasthesingletestmeal
[125,126].Oneofthesestudies[125]suggestedthat
theenhancingandinhibitingeffectsofdietaryfactors
(e.g., ascorbic acid,phytate)on iron absorption are
exaggeratedwhenmeasured from single testmeals,
whereas another suggested that iron absorption is
muchhigherwhenmeasured fromabreakfastmeal
thanwhen the same testmeal is consumed at later
times during the day. It is possible that the same
situationholds for zinc, although thishasnotbeen
studieddirectly. For these reasons, the IZiNCGSC
considered the total-diet studymethodology as the
referencemethodformeasuringzincabsorptionfrom
the diet, particularlywhere the goal is to calculate
dietaryzincrequirements.
Indetermining its zinc absorption estimates, the

WHOcommitteeuseddata froma combinationof
single-mealstudiesandtotal-dietstudies,althoughthe
specificstudiesusedwerenotreferenced[100].Given
theavailabilityofzincabsorptionstudiesatthetime
theseestimatesweremade,itislikelythatmostofthe
datausedwerederivedfromsingle-mealstudies.The
WHOcommitteedividedtheavailabledataintothree
categoriesaccordingtothephytate:zincmolarratioof
the testmealordiet;where ratiosof<5,5–15, and
>15were considered to representdietsof relatively
high,moderate,andlowabsorptionlevels,respectively.
Theprocessdescribedabovewasappliedtoeachofthe
threesetsofdatatoderivezincabsorptionestimates.
Adescriptionof thediet types for eachof the three
categoriesandtheassociatedabsorptionestimatesare
summarizedintable1.8.Becausethespecificstudies
used in these estimateswerenot reported, it is not
possibletodescribethespecificmealsordietsstudied,
northesexorgeographicoriginoftheparticipants.
TheFNB/IOMcommittee selected10datapoints
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from7published studies of zinc absorption, using
onlytotal-dietstudies,likelyforthereasonsdescribed
above[11].ThestudiesusedbytheFNB/IOMcommit-
teeincludedonlythoseofNorthAmericanorWestern
Europeanadultmale subjects (19–50years) and the
diettypesrepresentedbothmixeddietsandsemi-puri-
fiedformuladiets;alldatapointswereconsideredina
singledietcategory,regardlessofthecompositionof
thediet.Thesameregressionlinerelatingzincintake
andtotalabsorbedzincthatwasderivedfromthestud-
iesofmenwasusedtoderiveazincabsorptionestimate
forwomen,basedontheirphysiologicrequirementfor
absorbedzinc.Thestudiesincludedintheanalysisand
the absorption estimatesderivedare summarized in
table1.8.
For the reasonsdescribed above, the IZiNCGSC

concurredwith theFNB/IOMthat totaldiet studies
of zinc absorptionprovide themost valid estimates
ofdietary zinc absorption.Further, the IZiNCGSC
felt itwas important to considerdifferences in zinc
absorptionbasedondiettypeanddietarycontentof
knownenhancers and inhibitorsof zinc absorption,
asdonebytheWHO,because—onthebasisoftheir
highercontentofinhibitorsofzincabsorption[127]—
dietsconsumedhabituallybyalargeproportionofthe
globalpopulationwouldbeexpectedtohavealower
fractionalabsorptionofzincthanthedietsconsidered
bytheFNB/IOMcommitteetoestablishtheirestimates.
Asafurthersteptoensuretheappropriatenessofthe
absorptionestimatesforinternationallyrepresentative
diettypes,theIZiNCGSCrejectedabsorptionstudies
that included semi-purifieddietsorotherdiets that
includedexogenoussourcesofzincintheformofzinc
salts.Thesetypesofdietsdonotrepresenttypicaldiets
consumedbypopulations,andthezincabsorptionis
expectedtobehigherfromliquidformulasthanfrom

solid foodmatrices [128], andpossiblyhigher from
soluble zinc salts added exogenously than froman
equivalentamountofzincendogenoustothefood.It
alsoappearedunnecessarytoexcludezincabsorption
dataderivedfromstudiesofwomenbecausethesame
regressioncurveisusedtoderivethezincabsorption
estimate for bothmen andwomen. Finally, as the
absorption estimates are intended for international
use,geographicrestrictionontheoriginofstudiesis
unnecessary.Therefore, the selection criteria for the
present IZiNCGanalysis included the following: (1)
radio-orstable-isotopestudiesthatestimatedtruezinc
absorptionfromtotaldietsbycorrectingforintestinal
losses of endogenous zinc; (2) studies of typical
mixed, refinedvegetarian,orunrefined,cereal-based
diets,butnot those thatused semi-purified formula
dietsordietswithexogenouszincsaltsadded;and(3)
studieswithmaleorfemaleadults,withnogeographic
limitations.
Initially,17datapoints from11publishedarticles

meetingtheabovecriteriawereidentified.Information
onthecontentofzinc,phytate,protein,andcalcium
of the study diets was derived either from the
published article, by estimation from thepublished
food compositionof the studydiet using a dietary
assessment program, and/or from unpublished
information obtained from the authors. Zinc and
phytatecontentsofthestudydietswereavailablefor
15studies,and,calciumandproteincontentswerealso
available for12of these studies.The15datapoints,
derivedfrom9separatepublishedarticles,forwhich
atleastzincandphytatecontentswereavailablewere
usedinthefinalanalyses[14,110–115,129,130].The
diettypesrepresentedbythesestudiesaresummarized
intable1.8.
Data for these fourdietary factorswere log trans-

TABLE1.8.Estimatesofdietary zinc absorption, asdevelopedbyWHO[100, 101],FNB/IOM[11], and IZiNCG, and
summariesofthedatausedtoderivethem

WHO IOM IZiNCG

Diettypes
represented

Highly
refineda

Mixed/
refinedveg-
etarianb

Unrefinedc Mixed,n=5
Semi-purified,n=4
EDTA-washedsoy
protein,n=1

Mixed,n=11
Refinedvege-
tarian,n=3

Unrefined,
cereal-based,
n=1

Studytype Singlemeal&totaldiet Totaldiet Totaldiet

Subjects NAd NA NA Men19–50yrs Men&women20+yrs

Phytate:zinc
molarratio

<5 5–15 >15 NA 4–18 >18

Zincabsorp-
tione

50% 30% 15% 41% 26%men
34%women

18%men
25%women

a.Refineddietslowincerealfiber,andwhereanimalfoodsprovidetheprincipalsourceofprotein.Includessemi-purifiedformuladiets.
b.Mixeddiets,andlacto-ovo-vegetariandietsthatarenotbasedonunrefinedcerealgrainsorhighextractionrate(>90%)flours.
c.Cereal-baseddiets,with>50%ofenergyintakefromunrefinedcerealgrainsorlegumesandnegligibleintakeofanimalprotein.
d.NA=notavailable
e.Thesefiguresrepresentthe“critical”levelofzincabsorption,orthatwhichoccurswhenzincintakesarejustsufficienttomeetphysiologic
requirementsforabsorbedzinc.
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formed and a logit regressionmodelwas used to
describe their relationshipwith the percentage of
zinc intake thatwas absorbed.The logitmodelwas
usedbecause,unlikethelogarithmictransformation,
it constrainspredictedzincabsorption tobetween0
and100%.Neitherproteinnorcalciumaddedsignifi-
cantpredictivepower,sothefinalmodel(r2=0.413,
p< 0.001) includedonly zinc and thephytate:zinc
molar ratio, both ofwhichwere highly significant
predictors of percent zinc absorption.Therefore, it
appearstobevalidtocontinuetousethephytate:zinc
molarratio todefinediet types,withrespect tozinc
absorption.Theprediction equation forproportion
ofabsorbedzincgivenasafraction,usingthedietary
phytate:zincmolarratioandzinccontentderivedfrom
thismodelis*:

Logit
(fractionof
absorbed
zinc)

= 1.1365–0.6129×ln(mgzinc)

–0.3164×ln( phytate:zincmolarratio )

and

Fractionof
absorbed
zinc

=
exp(logit(fractionofabsorbedzinc))

1+exp(logit(fractionofabsorbedzinc))

The rangeofphytate:zincmolar ratioswasdivided
intotwocategories:(1)4–18,whichrepresentsmixed
orrefinedvegetariandiets,and(2)18–30,represent-
ingunrefined,cereal-baseddiets(table1.8).Usingthe
prediction equation above, the phytate:zincmolar
ratiowassetatthemidpointoftherangeforthefirst
diet category (i.e., 11) and thenat themidpoint for
the seconddiet category (i.e., 24), and thepercent
absorptionofzincassociatedwitheachleveloftotal
zincintakebetween4.2and16.5mg(i.e.,therangeof
valuesforzincinthedietsofthestudiesincludedinthe
analysis)wasusedtocalculatetheassociatedamounts
ofabsorbedzinc.Curveswere thengeneratedshow-
ing the relationship between total zinc intake and
absorbedzincforthetwodietcategories(figure1.5).
Usingthesecurvesandthephysiologicrequirementfor
absorbed zincof adultmen (2.69mgzinc/day) and
women (1.86mg zinc/day), as described in section
1.5, the amountof total zinc intakeneeded tomeet
thisrequirementwasdeterminedforeachdiettype,as
showninfigure1.5;thisamountrepresentsthedietary
requirement.Thepercentzincabsorptionrepresented

atthislevelofintakeisreferredtoasthe“critical”level
ofabsorption.Forexample,thecriticalabsorptionlevel
ofanadultmanconsumingamixeddietiscalculatedas
1.86mgzinc/day(physiologicrequirement)÷10.4mg
zinc/day(dietaryrequirement)×100%=26%.Follow-
ingthisexample,thecalculatedcritical levelsofzinc
absorptionwere26%formenand34%forwomenfor
mixed/refinedvegetariandiets,and18%formenand
25%forwomenforunrefined,cereal-baseddiets.**
Theseestimatesofzincabsorptionshouldbeconsid-

eredastentativeuntilfurtherdataareavailablefroma
widerrangeofdiettypes,particularlyfromunrefined
dietswithahighphytate:zincmolarratio(i.e.,>18),
forwhichweidentifiedonlyonedatapointfromtotal
dietstudiesofzincabsorptioninadults.Notably,the
estimate for zinc absorption frommixedor refined
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FIG.1.5.Derivationof the estimatedaverage requirement
formenandwomenandthecriticallevelofzincabsorption
formixed/refinedvegetariandiets(P:Z=11)andunrefined
cereal-baseddiets(P:Z=24),usingtheassociationbetween
total zinc intakeandabsorbedzinc foreachdiet typeand
thephysiologicrequirement.Toppanelisformen.Bottom
panelisforwomen.

*Thispredictionequationmaybeusedtoestimatefrac-
tionalzincabsorptionfromadultdiets.However,becausethe
equationisdependentontotalzincintakeitmaynotprovide
accurateestimatesof fractionalabsorption fromchildren’s
dietsgiventhattheirdietaryrequirementsandusualintakes
arelowerthanforadults.

**The figures for zinc absorptionwhichcorrespond to
theamountofingestedzincneededtomeetthephysiologic
requirementsofadultmenandwomenwiththehigherrefer-
encebodyweightsassumedbytheFNB/IOMcommittee(i.e.,
men75kgandwomen65kg)are24%formenand31%for
womenconsumingmixed/refinedvegetariandietsand16%
formenand22%forwomenconsumingunrefined,cereal-
baseddiets.
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vegetariandietsinthepresentreportisnotashighas
theestimatemadebytheFNB/IOMcommittee(41%)
forNorthAmericandietsortheupperestimatemade
bytheWHOcommittee(50%)forhighlyrefineddiets,
likelyduetotheIZiNCGSC’sexclusionofdatafrom
semi-purifiedformuladiets.
TheIZiNCGSCfeltthattherewasnojustification

at this time for assuming different levels of zinc
absorption for different age groups, and therefore
themeanoftheabsorptionfiguresforadultmenand
womenfromeachdiettypewereappliedtochildren
1–18yearsofage(i.e.,31%absorption frommixed/
refined vegetarian diets and 23% fromunrefined,
cereal-baseddiets).TheFNB/IOMcommitteeapplied
lower figures for the critical absorption level for
childrenthantheyusedforadults.However,thesedata
forchildrenwerebasedonresultsfromonlytwostudies
ofzincabsorptionfromsinglemeals,andtheaverage
absorption from these two studieswas30%, similar
to the absorption level that the IZiNCGSCderived
for adults consumingmixed or refined vegetarian
diets.TheWHOcommitteedidnotproposedifferent
levels of zinc absorption for pregnant or lactating
women.The FNB/IOMcommittee concluded that
zinc absorption isnot increased significantlyduring
pregnancy.This conclusionwasbasedon the results
ofonestudyinwhichzincabsorptionwasmeasured
inwomenpriortoconceptionandat24–26weeksand
34–36weeksofgestation[12],withaveragezincintakes
of15mg/daythroughoutthestudy.Inthatstudy,the
slightincreasefrom15%absorptionatpreconception
to19%absorptionduringpregnancywasstatistically
insignificant.Although these resultsdonot exclude
thepossibilitythatzincabsorptionisincreasedduring
pregnancy inwomenwith lower zinc intakes, the
IZiNCGSC concurswith theFNB/IOMcommittee
thatthereisinsufficientevidencetosuggestahigher
levelofzincabsorptionforpregnancy.Therefore,the
IZiNCGSC also felt itwas reasonable to apply the
samezincabsorptionestimatesforpregnantaswellas
non-pregnantwomen,foreachdiettype.Ontheother
hand, it does appear that zinc absorption increases
significantly during lactation [12, 131–133]. In the
studybyFungetal. [12], forexample,absolutezinc
absorptionwasincreasedby10%amonghealthy,North
American,lactatingwomenwhoingested15mgzinc
perdayfromacombinationofdietandsupplements,
compared to anon-pregnant,non-lactating, control
group.TheFNB/IOMcommitteesuggestedalevelof
absorptionforlactatingwomenthatwas10%greater
thanthatdeterminedforpregnantwomenabove(i.e.,
27%+10%),onthebasisofthestudybyFungetal.
[12].ThestudybyMoser-Veillonetal.[131]reported
ameanzincintakeof8.0mg/daybylactatingwomen
with15%higher zinc absorption thanmeasured in
non-lactatingwomen, and the study by Sian et al.
[133] reportedameanzinc intakeof7.6mg/dayby

lactatingwomen, and a 19% greater absolute zinc
absorptionthandeterminedinaseparatestudyofnon-
lactatingwomen.Asthereisinsufficientinformation
to determinewhether these lactatingwomenwere
meeting their zinc requirements, it is preferable to
assume the figure of 10% increased absorption, as
determinedbyFungetal.[12].Therefore,theIZiNCG
SCestimatedzincabsorptionduringlactationas44%
(>19yearsofage)and40%(14–18yearsofage)for
thoseconsumingmixedorrefinedvegetariandietsand
35%(>19yearsofage)and32%(14–18yearsofage)
forthoseconsumingunrefined,cereal-baseddiets.

Recommendedderivationoftheestimatedaverage
requirements

Theestimatesforabsorptioncannowbeappliedtothe
physiologicrequirementsforabsorbedzinctoderive
EARsandRecommendedDailyAllowances(RDA)for
dietaryintakesofzinc.ThederivationoftheseDietary
ReferenceIntakesandtheirusesaredescribedinthe
followingparagraphs.
Different types of dietary reference intakes are

deriveddependingonwhether they are beingused
to assess the intakes of individuals or populations.
Methodsforcalculatingthesereferenceintakevalues
andtheiruseshavebeendescribedpreviouslybythe
FNB/IOMDietaryReferenceIntakeCommittees[11],
and the same terminology andmethods are applied
here.TheEARandtheRDAforzincdevelopedbythe
IZiNCGSCforthepurposeofinternationalapplica-
tion arepresentedbelow.Theupper limits for zinc
intakeswillbediscussedinsection1.7.
TheEARrepresentsthemeandietaryrequirement,

orthedietaryintakelevelatwhich50%ofindividu-

TABLE1.9.Revisedestimatedaveragerequirement(EAR)for
zincbylifestageanddiettype,assuggestedbyIZiNCG

Age Sex

Reference
body
weight
(kg)

Revisionssuggested
byIZiNCGforEAR
forzinc(mg/d)

Mixedor
refined
vegetar-
iandiets

Unrefined,
cereal-

baseddiets

6–11mo M+F  9  3  4
1–3yr M+F 12  2  2
4–8yr M+F 21  3  4
9–13yr M+F 38  5  7
14–18yr M 64  8 11
14–18yr F 56  7  9
 Pregnancy F — 9 12
 Lactation F —  8  9
≥19yr M 65 10 15
≥19yr F 55  6  7
 Pregnancy F —  8 10
 Lactation F —  7  8
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alswouldmeet their physiologic requirement.The
EARisthusderivedbydividingthemeanphysiologic
requirementforabsorbedzincbytheestimatedaver-
ageabsorptionofzinc.Forexample,theEARforadult
women (55 kg) consumingunrefined, cereal-based
dietswouldbecalculatedas:1.86mgabsorbedzinc/day
÷0.25=7.4mgzinc/day,androundedto7mg/day.
TheEARforallage,sex,andlifestagegroupsisgiven
intable1.9,forbothmixed/refinedvegetariandietsand
forunrefined,cereal-baseddiets.
For consideration of breastfeeding infants 6–12

monthsofage,theFNB/IOMcommitteeassumedthat
50%ofzincinbreastmilkisavailableforabsorption
[134] and that the averagebreastmilk consumption
is 0.76 L/day. The amount of zinc required from
complementary foods was then determined by
difference. The EAR for breastfed children was
calculated as the amount of zinc acquired from
breastmilk plus the amount of zinc required from
complementaryfoods,assuming30%zincabsorption
fromthecomplementarydiet.TheWHOcommittee
assumedthattheabsorptionofzincfrombreastmilk
was 80%, although this estimatewasnot basedon
directmeasuresofabsorption,andestimatesofzinc
intakefrombreastmilkinexclusivelybreastfedinfants
werederivedfromasinglestudyofinfants1–3months
ofage [135].The IZiNCGcommitteeuseda similar
approachastheFNB/IOMcommitteeandalsoassumed
50%absorptionof zinc frombreastmilk.However,
differentestimatesforaveragebreastmilkconsumption
andmilk zinc concentrationswereused in eachage
group, asdescribed in section1.5 (table 1.6).Using
these figures, the calculated total zinc requirements
aresomewhatlowerthanthosethatarederivedwhen
it is assumed that all dietary zinc is derived from
complementary foods.The IZiNCGSC felt that it
isunnecessary toprovide twodifferent setsofEARs
for breastfed or non-breastfed children.Therefore,
theslightlyhigherEARs,calculatedassumingthatall
dietaryzincisderivedfromnon-breastmilksources,is
providedintable1.9.
TheEARhastwoprimaryuses,bothofwhichapply

to assessing the adequacyof dietary zinc intake by
populations.First,theEARcanbeusedtoevaluatethe
riskofinadequateintakesbyapopulationbydetermin-
ingtheproportionofthepopulationwhoseintakesfall
belowtheEAR.Second,theEARmayalsobeusedfor
setting a recommended mean intake for a population
(consideringtheobservedvariationinintakesofthe
population),suchthatonlyasmallproportionofthe
population’sintakesfallbelowtheEAR.Theapplication
oftheEARinassessmentofadequacyofzincintakes
bypopulationswill bediscussed in furtherdetail in
section2.3.1,whichdescribesmethodstoestimatethe
riskofinadequatezincintakes.

Recommendedderivationoftherecommendeddaily
allowances

It isnotpossible toknow the truenutrient require-
mentsofaparticularindividual,asthesevaryamong
individuals.However,whenthenormalvariationofa
physiologicnutrientrequirementisknown,therecom-
mendedintakelevelofthatnutrientcanbesetattwo
standarddeviations (SD)above theEAR.Whencal-
culatedassuch,almostallindividuals(97.5%)whose
intakesmeet or exceed the recommended amount
for any givennutrientwill theoreticallymeet their
physiologic requirement.This recommended intake
levelused for thepurposeof individual assessments
iscommonlyreferredtoas theRDA.TheFNB/IOM
committeehassetRDAsforzinc.Asforallnutrientsfor
whichadequateinformationonrequirementdistribu-
tionsdoesnotexist,zincrequirementswereassumedto
varyby±10%(i.e.,thecoefficientofvariation(CV)of
therequirementdistributionis10%)andtheRDAwas
thussetas120%(mean+2SD)oftheEAR.The1996
WHOreportdidnotattempttoestimatethevariability
inzincrequirements.However,themorerecent2002
reportassumedthattheCVforzincrequirementswas
25%,althoughtherationale for thisassumptioncan
bechallenged.Thisestimatewasbasedontwocom-
ponents.Firstofall,itwasassumedthatvariationin
thephysiologicrequirementforzincissimilartothat
forprotein (i.e., 12.5%)becauseboth are related to
tissueturnoverandgrowth.Anadditional12.5%was
thenaddedtoaccountforvariationinzincabsorption,
resultinginanassumedtotalvariabilityof±25%,and
theRDAwassetat150%oftheEAR.Neverthelessit
couldbearguedthat thevariation inproteindigest-
ibility is incorporated in the figure for variability in
proteinrequirements,whichwasusedasthebasisfor
theestimateofthevariabilityinzincrequirements,so
itmaynotbejustifiabletoincreasetheestimatefurther
to account for variation in zinc absorption.For this
reason, the IZiNCGSC concluded that an estimate
of±12.5%forthevariabilityinthezincrequirement
mightbemoreappropriate,andthatisthefigurethat
isadoptedforthepresentreport.Theassumptionsof
each respective committee regarding the inter-indi-
vidualvariationinzincrequirementsforwomenare
thesameasthoseformen.
TheRDAfordietaryzincintakeswasthuscalculated

astheEARplustwotimestheCV(2×12.5),andis
equivalentto125%oftheEAR.TheRDAsfordietary
zincintakesderivedbytheIZiNCGSCarepresentedin
table1.10foreachsexandlife-stagegroup.Itisnote-
worthythatthereisanegligibledifferenceintheresult-
antRDAswhentheCVofthephysiologicrequirement
isassumedtobe10%vs.12.5%.
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1.7Zinctoxicity

Individualsmaybe exposed tohigh intakesof zinc,
eitherthroughsupplementalzincorbycontactwith
environmentalzinc.Overttoxicitysymptoms,suchas
nausea,vomiting,epigastricpain,diarrhea,lethargyand
fatigue,mayoccurwithacute,highzincintakes[136].
Approximately225–450mgzincisknowntoproduce
immediatevomitinginadults.Short-termexposureto
veryhighlevelsofcontaminantzinc(>300ppm)from
theimproperstorageoffoodorbeveragesingalvanized
vessels has caused acute gastroenteritis [136].After
receiving150mgzinc/dayforsixweeks,26/47human
subjects reported gastrointestinal disturbances
(abdominalcramps,nausea,andvomiting)[138].
Chronicoverdosageofzinc,intherangeof100–300

mgzinc/dayforadults,mayinducecopperdeficiency
[139] and alterations in the immune response
and serum lipoprotein levels [140]. Someof these
disturbancesmay alsooccur at lowerdoses (i.e., 50
mg zinc/day), although thedata are conflicting and
requireconfirmation[141–144].Dosesof25–35mg
zinc/day in adults do not appear to pose a health
hazard [145]. Intakes as lowas50mg supplemental
zinc/dayaffectedcoppermetabolism,asmeasuredby
a decrease in erythrocyte copper-zinc SODactivity
[144, 146].However, the clinical significanceof the
depressederythrocyteSODactivityisunknown.This
samelevelofintakealsoresultedinadeclineinserum
ferritinconcentration,whichdidnotoccurwhen50
mgofironwasincludedwiththedailyzincsupplement
[144].Dosesbetween50and160mg/dayloweredthe

levelsofhigh-densitylipoproteincholesterolinsome,
butnotall studies [11,147].Among female subjects
inonestudywhoreceived100mgzinc/day,therewas
a significant reduction in high-density lipoprotein
cholesterollevelsafterfourweeks[142].However,these
levelsreturnedtonormalaftereightweeks,suggesting
thatthiseffectmayonlybetransient.Asinglecaseof
a 13-monthold childwho received16mg zinc/day
for sixmonths and24mg zinc/day for onemonth
was associatedwith copperdeficiency attributed to
excessivezincintake[148].
TheWHO/FAO/IAEAExpertConsultationderived

upper limits for zinc intakes [100, 101].Thesewere
basedontheobservationthat60mgofsupplemental
zinc/day resulted in adverse interactionswithother
nutrients, although the sourceof thesedatawasnot
provided, and itwas considered that intakes should
not exceed this amount.After accounting fora25%
possible variation inpopulation intakes, theupper
limitformaleswassetat45mg/day.Duetothelimited
availabilityofstudies that lookedatpossibleadverse
effectsofsupplementalzinc,theupperlimitforadult
maleswas extrapolated toother age and sex groups
basedondifferences inmetabolicrates.Theseupper
limitsareshownintable1.11.Althoughthecasereport
of the1-year-oldchildcitedabovewasnot included
inthederivationoftheseupperlimits,the16mg/day
intake,afteraccountingfora25%possiblevariationin
intakes,isconsistentwiththe13mg/dayupperlimit
setbyWHO[100].
TheFNB/IOMcommittee also establishedupper

tolerable limits for zinc [11]. This committee also
based theupper limitson the studies thatmeasured
the effectof supplemental zinc intakesonmeasures
of copper status, including erythrocyte superoxide
dismutase (SOD) activity or the concentration of
copperorceruloplasmininserum,butestimatedthe
uppertolerablelimitsbasedontheLowestObserved
AdverseEffectLevel (LOAEL)and theNoObserved
AdverseEffectLevel(NOAEL).Foradults,aLOAELof
60mgzinc/day(50mgzinc/dayfromthesupplement
andanestimated10mg/dayfromthediet)wasderived
from the resultsof the studybyYadrick et al [144],
asdescribedabove, andwere supportedby thedata
fromFischeretal.[146].Totakeintoaccountintra-
individual variation in this response, anuncertainty
factorof1.5wasassumed,andthisfactorwasusedto
extrapolatetheLOAEL(60mgzinc/day)totheNOAEL
(40mgzinc/day)forbothmaleandfemaleadults.For
children,theupperlimitwasbasedontheresultsofjust
oneavailablestudy[149].Thisstudymeasuredserum
copper and cholesterol concentrations in newborn
infants receiving a formula that provided 5.8mg
zinc/L,comparedwithaformulawith1.8mgzinc/L.
Nochangesinmeasuresofcopperstatuswerefound
ineithergroupafter6months.Basedonanestimated
consumptionof0.78Lformula/day,theformulawith

TABLE 1.10. Revised recommended dietary allowances
(RDAs)forzinc,bylifestageanddiettype,assuggestedby
IZiNCG

Age Sex

Reference
body
weight
(kg)

Revisionssuggested
byIZiNCGforRDA
forzinc(mg/d)

Mixedor
refined
vegetar-
iandiets

Unrefined,
cereal-

baseddiets

6–11mo M+F  9  4  5
1–3yr M+F 12  3  3
4–8yr M+F 21  4  5
9–13yr M+F 38  6  9
14–18yr M 64 10 14
14–18yr F 56  9 11
 Pregnancy F — 11 15
 Lactation F — 10 11
≥19yr M 65 13 19
≥19yr F 55  8  9
 Pregnancy F — 10 13
 Lactation F —  9 10
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5.8mg zinc/Lwas estimated toprovide an average
intakeof4.5mgzinc/day,andthisfigurewasusedas
theNOAELfor infants0–6monthsofage.Thiswas
roundeddownto4mgzinc/dayfortheupperlimit;
anuncertainty factor of 1was applied.This upper
limitwasthenextrapolatedtoolderchildrenbasedon
differencesinreferencebodyweights(section1.5).The
upperlimitsderivedbytheFNB/IOMcommitteeare
presentedintable1.11.
The IZiNCG SC concurs with the upper limit

of 40mg zinc/day set for adults by the FNB/IOM,
as derived from theLOAELof 60mg zinc/day; no
further data on the effects of supplemental zinc
on copper status in adults were found since the
publicationof theFNB/IOMreport.Unfortunately,
there is a lackof adequatedata tobetterdefine the
upper limits for children.Bydefinition, the level of
zincintakedescribedbytheNOAELdoesnotexclude
thepossibility that chronic intakes of higher levels
of zincwould alsonot cause an adverse effect. It is
appears likely that theupper limitsproposedby the
FNB/IOMforyoungchildren(<3yearsofage)may
beinappropriatelylow.Thispresentsconcernforthe
developmentofinterventionstoimprovezincintakes
among this age group,because themarginbetween
theRDAforzincandtheupperlimitisrathernarrow
(only 0–5mg zinc/day, dependingon age anddiet
type).Further, it is apparent that a largeproportion
ofUS childrenhaveusual zinc intakes greater than
theIOM/FNBupperlimits.Forexample,themedian
intakeofzincbypresumablyhealthyUSinfants2–11
monthsof age from thediet is 5.5mg/day (withor

withoutconsiderationofsupplementuse)(NHANES
III[150],whereastheupperlimitforzincforchildren
inthisagerangesetbyFNB/IOMwas5mg/day.The
medianzincintakebychildren1–3yearsofageinthe
UnitedStatesis6.3mg/dayfromthedietalone,and6.4
mg/daywhenzincsupplementsarealsoincluded,and
theFNB/IOMupperlimitforzincforthisagegroup
is 7mg/day.Although the proportion of children
withintakesabovetheupperlimitwasnotreported,
itislikelythatabouthalfofchildren2–11monthsof
ageexceededtheupper limitof5mg/dayandmany
children1–3yearsoldwouldhaveexceededtheupper
limitof7mgzinc/day.Giventheunlikelihoodthatthe
describedtoxiceffectsofexcessivezincintakesoccurin
suchalargeproportionofchildrenfromthisrelatively
healthy,USpopulation,thedegreeofconfidenceinthe
upperlimitisrelativelylow.Therefore,theIZiNCGSC
isunsatisfiedwith theupper limitspresentedby the
FNB/IOMforchildren,asthesemayhaveimportant
implicationson recommendations for thedesignof
interventionstrategiestoimprovezincstatusamong
young children,particularlywhere supplements are
used(section3.1.2).Forthereasonsdescribedabove,
IZiNCGwill report only aNOAEL for children to
indicate that insufficientdata exists to set anupper
limitwithconfidence.
Results from two community-based zinc supple-

mentationstudies inchildrenhavebecomeavailable
recently,andtheIZiNCGSCfeltitwasimportantto
taketheseintoconsiderationinthecalculationofthe
NOAEL.One studywas conducted in India among
children6–30monthsof age [151].For aperiodof

TABLE1.11.Upperlimitsornoobservedadverseeffectslevels(NOAEL)forzincintakebylifestage,
asdevelopedbyexpertcommitteesoftheWHO[100,101],theUSFNB/IOM[11],andasreviewed
byIZiNCG

WHO. FNB/IOM RevisionssuggestedbyIZiNCG

Age/sex
Upperlimit
(mg/d) Age/sex

Upperlimit
(mg/d) Age/sex

Noobserved
adverse
effectlevel
(mg/d)

0–6mo — 0–6mo  4 0–5mo —
7–12mo 13 7–12mo  5 6–11mo  6
1–3yr 23 1–3yr  7 1–3yr  8
3–6yr 23 4–8yr 12 4–8yr 14
6–10yr 28
10–12yr,M 34 9–13yr 23 9–13yr 26
10–12yr,F 32
12–15yr,M 40
12–15yr,F 36
15–18yr,M 48 14–18yr,M 34 14–18yr,M 44
15–18yr,F 38 14–18yr,F 34 14–18yr,F 39
18–60+yr,M 45 ≥19yr,M 40 ≥19yr,M  40a

18–60+yr,F 35 ≥19yr,F 40 ≥19yr,F  40a

a. Representupperlimits.
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4months,childrenbetween6and12monthsofage
received10mgzinc/dayandthose1–2.5yearsofage
received20mgzinc/day.Plasmacopperconcentration
was reported tobe lower in thegroup that received
supplemental zinc compared to theplacebo group.
The results for plasma copperwere not presented
according to age group, however, so it cannot be
distinguishedas towhatdosage level andwhichage
groupwasassociatedwithchangesinplasmacopper
concentration.The second studywas conducted in
Indonesiaamongchildren6monthsofage[152],who
wereprovidedwitheither10mgzincoraplacebofor6
months.Inthisstudy,plasmacopperconcentrationdid
notdifferbetweenthezincsupplementedgroupand
thecontrolgroupattheendofthesupplementation
period.The results from the Indonesian studymay
thus be used to set theNOAEL and derive upper
limits for infants and older children.Considering
unconsumedportionsof the supplementmonitored
intheIndonesianstudy,theestimatedintakeofzinc
from the supplementwas 8.2mg/day.However, as
informationwasnotavailableontheusualdietaryzinc
intakebytheinfantsintheIndonesianstudy,thetotal
zinc intakeapplied to theNOAELwillbe somewhat
underestimated.Ontheotherhand,itwasnotedthat
thezincsupplementwasprovidedapartfrommeals,
thereforepossiblyavoidingdirectinterferencebetween
the supplemental zincand theabsorptionofdietary
copperorendogenouscoppersecretedintheintestine
postprandially.Giventhatsomefurtherinterferenceof
thesupplementwithcopperabsorptionmayoccurif
supplementsareconsumedwithameal,anuncertainty
factorof 1.5was applied.Basedon the average zinc
intake from the supplementof 8.2mg/day, and the
meanbodyweightbetweenbaseline and the endof
the studyof 7.9 kg, the zinc intakewas equivalent
to1.0mg/kgbodyweight/day,or0.7mg/kg/dwhen
consideringtheuncertaintyfactorof1.5.Thisfigureis
thenappliedtothereferencebodyweightsforchildren
toderivetheNOAEL(table1.11).
Reporting of theNOAELs for childrendoes not

precludestudiesofpossibleadverseeffectsofhigher
intakesofzinc,withthecaveatthatappropriatemoni-
toringisincluded.Indeed,furtherprospectivestudies
ofthepossibleadverseeffectsofvaryinglevelsofsup-
plemental zinc areurgently required to improve the
derivationofupperlimitsfortotalzincintakes,par-
ticularlyamongchildren.Severalissues,however,must
beconsideredandcontrolledforinthedesignofsuch
studiestofacilitatetheinterpretationofresults,includ-
ing:(1)theproportionofzincacquiredfromthediet
versuszincderivedfrompharmacologicsupplements;
(2) the comparative effectsof zincon copper status
whensupplementalzincistakenwithcopper-contain-
ingmeals,orbetweenmeals;(3)ifsupplementalzincis
takenwithmeals,theestimatedbioavailabilityofzinc
basedonthephytate:zincmolarratiooftheusualdiet

of thesubjects involved;and(4)thebaselinecopper
statusandcopper intakeof individualsandthepos-
sibleinfluenceofinfectionsonbiochemicalindicators
ofcopperstatus.

1.8Causesofzincdeficiencyandgroupsat
highrisk

Developmentofzincdeficiencycanbeattributedtoat
least fivegeneralcausesoccurringeither in isolation
or incombination.These include inadequate intake,
increased requirements,malabsorption, increased
losses,andimpairedutilization[153].Theconditions
or circumstancesunderlying thesemechanisms are
describedbelow.
Inadequatedietaryintakeofabsorbablezincislikely

to be theprimary causeof zincdeficiency inmost
situations.Thismayresultfromacombinationoflow
totaldietaryintake,heavyrelianceonfoodswithalow
zinccontentand/orwithzincthatispoorlyabsorbable.
Severalestimatesofdietaryzincintakesindicatethat
inadequacyofintakesiswidespread,occurringacrossa
widevarietyofgeographicalareasanddietarypatterns
[154,155].Lowintakesofabsorbablezincarefurther
exacerbatedbyphysiologicorpathologicalconditions
thatleadtogreaterrequirementsforzinc(perkgbody
weight).Thephysiologic andpathologic conditions
associatedwith elevated zinc requirements place
individuals in these subgroups at an increased risk
of zincdeficiency; these subgroups aredescribed in
furtherdetailbelow.
Malabsorptionof zincmay result fromanumber

ofdifferent conditions.For example, acrodermatitis
enteropathicaisararegeneticdefectthatspecifically
affects zinc absorption (section1.4).Certaindisease
states, such as malabsorption syndromes and
inflammatory diseases of the bowel,may result in
poorabsorptionand/orlossesofzincfromthebody.
Hence, these conditionsmayprecipitate secondary
zincdeficiency states,particularly in thepresenceof
marginaldietaryzincintakes[156].Certaindrugs,such
asphenytoinandtetracycline,arealsonotedtoreduce
the absorptionof zinc [157]. Several studies suggest
thatzincabsorptionisantagonizedbypharmacologic
doses of ironwhichwould result fromcompetitive
interactionbetweentheseelements[12,158–160].
Impairedutilizationof zincmayoccur as a result

ofadministrationofcertaindrugs(e.g.,ethambutol,
halogenated8-hydroxyquinolines,penacillamine)that
chelatezincsystemicallyandmakeitlessavailablefor
usebytissues[156].Presenceof infectioningeneral
resultsinsequestrationofzincintheliver[161],and
decreasedcirculatinglevelsofzinc,whichwillreduce
the availability of zinc toother tissues. In response
to infection-induced secretion of cytokines, such
as interleukin-1 and tumor necrosis factor–alpha,
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by monocytes and activated macrophages, there
is increased hepatic synthesis ofmetallothionein
(MT), an intracellularmetal-bindingprotein [162],
and subsequently increasedhepatic uptake of zinc
andreduction inserumzincconcentration. It isnot
knownwhether thesealterations inzincmetabolism
maybenefit thehostbymakingmore zinc available
forparticularprocessesintheliverorbyreducingzinc
availabilityintheperipheralblood.
Certaindisease statesor conditions that result in

increased losses of endogenous zinc from thebody
includechronicrenaldisease,trauma,prolongedbed
rest, andother conditions associatedwith bone or
muscleatrophy.Asthesecretionandre-absorptionof
endogenouszincintheintestinearekeymechanisms
inmaintaining zinc homeostasis, conditions that
perturb intestinal function or the integrity of the
intestinalmucosamayhaveprofoundeffectson the
body’s ability tomaintain zinc status. For example,
endogenouszinc lossesare increased in infantswith
cysticfibrosis[163],andfecalzincexcretioniselevated
during acutediarrhea [164].However, it is unclear
towhat extent the increased fecal zinc represents
unabsorbeddietaryzincorzincofendogenousorigin.
Becausediarrhealdisease is a common infection in
manylower-incomecountries, thepossibleeffectsof
diarrheaonendogenouszincdepletionmeritfurther
studyandquantification.Notonlydoeszincdeficiency
appeartoaugmentthesusceptibilityto,andseverityof,
childhooddiarrhea,butincreasedlossesofendogenous
zinc thatoccurduringdiarrheamay furtherdeplete
bodyzincandpropagateacycleofdiarrheaandfurther
zinc depletion.Two studies of zinc homeostasis in
Malawian children have demonstrated unusually
highintestinallossesofendogenouszinc,evenamong
apparently healthy children [165, 166].While the
causesoftheseincreasedlosseswerenotidentified,it
wasspeculatedthatthismaybeattributedinpartto
poorintestinalhealthandmayparalleltheoccurrence
ofpoor intestinalpermeability,which isconsistently
observedinlower-incomepopulations[167],including
infants[168].Furthermeasuresofintestinallossesof
endogenous zinc amongpopulations living in areas
withhigh exposure to environmentalpathogens are
needed to determinewhether this phenomenon is
widespreadand towhat extent itmay contribute to
zincdeficiency.

Populationsubgroupsatincreasedriskofzinc
deficiency

Populationsubgroupswithparticularlyhighrisksof
zincdeficiencycanbeidentifiedonthebasisoftheir
ageandphysiologicstatusorthepresenceofparticular
pathologic conditions, asdescribed in the following
sections.

Infantsandyoungchildren

Theoreticalestimatesofzincrequirementssuggestthat
exclusivelybreastfedinfantsofmotherswithadequate
zincnutriturecansatisfytheirzincrequirements for
thefirst5–6monthsoflife[120].Thisiswellsupported
by experimental evidence [169–172].However, after
approximately sixmonthsof age, it is unlikely that
breastmilk alone can supply sufficient zinc tomeet
infants’needs[120,173].Therefore,iftheintroduction
ofcomplementaryfoodstobreastfedinfantsisdelayed
untilaftersixmonthsofage,orifthecomplementary
foods introduced contain inadequate amounts of
absorbable zinc, infantswill be at increased riskof
zinc deficiency. Inmany lower-income countries,
cerealsorstarchyrootsortubersareusedasthebasis
forcomplementaryfoodsandthesefoodsoftenhave
a lowcontentof totalor absorbable zinc.Thus, the
complementarydietfailstomeettheestimatedneeds
forzinc[174].
Conversely, the premature introductionof other

foodsourceswillreducenetzincabsorptionif these
foodsdisplacebreastmilk,havealowerconcentration
of absorbable zinc thanbreastmilk, and/or contain
substances like phytate,whichmay interferewith
absorptionof zinc frombreastmilk [175].Notably,
one zinc supplementation trial of non-exclusively
breastfed infants ofAfrican immigrants to France
found that those infantswho received supplemental
zinc for 3monthsbeginning at 4–9monthsof age
hadincreasedweightgainandlineargrowth,possibly
because the foods that had been introduced in
additiontobreastmilkhadanadverseeffectontotal
zinc intakeand/or absorption [119].This combined
setofresultssuggeststhatprematureintroductionof
complementaryfoodsmayimposeanincreasedriskof
poorzincstatusinearlyinfancy.

Adolescents

Physiologic requirements for zinc peak during
adolescenceatthetimeofthepubertalgrowthspurt,
whichgenerallyoccurs ingirlsbetween10–15years,
and in boys between 12–15 years. Evenwhen the
growth spurt has ceased, adolescentsmay require
additional zinc to replete tissue zincpoolsdepleted
duringpuberty[176].

Pregnantandlactatingwomen

Increased nutritional demands during pregnancy
and lactationpredisposewomen todeveloping zinc
deficiency.Thesedemands are greater for lactation
thanforpregnancy,althoughphysiologicadjustments
inzincabsorptionhelptomeettheneedsforlactation
[72]. Smoking and alcohol abuseduringpregnancy
may also reduce the amount of zinc available for
fetal development by compromising blood flow,
and therefore transfer of zinc, to the placenta.As
noted above, several studies have indicated that
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iron supplements reduce theabsorptionof zinc [12,
158–160].All of these studieswere conducted in
pregnantand/orlactatingwomenandincludedeither
prophylacticortherapeuticdosesofironrangingfrom
60to>200mg/day.Wheredietaryintakesofzincare
low, supplemental iron, indosages as lowas60mg/
day,maypreventwomenfrommeetingtheirincreased
needsforzincduringpregnancyandlactation[160].

Elderly

Dietarysurveysindicatethatzincintakesintheelderly,
eveninhigher-incomecountries,areofteninadequate
[177]. Zinc deficiency among the elderly has been
reported in various countries, and senior citizens
livinginnursinghomesappeartobeatincreasedrisk
[178].Anumberoffactorsmaycontributetotherisk
ofpoor zincnutrition among the elderly, including
reductionsintotalfoodintakeduetoreducedmobility,
decreasedenergyneeds,andpossiblydepression,and
lowintakesofzinc-richfoods,suchasmeat,poultry,
or fish due to poverty or physical disabilities (e.g.,
swallowing anddental problems). Low zinc intakes
maybecompoundedifefficiencyofzincabsorption
decreaseswith age, as has been suggested by some
[179–181],butnotall[182],investigators.

Low-birthweightinfants

Low-birthweight infants have a reduced size at
birth, andhence a smaller content of hepatic zinc
metallothionein,whichreportedlyactsasazincreserve
in young infants [117]. For low-birthweight infants
bornprematurely,theirbodyzinccontentatbirthwill
befurthercompromisedbecausemorethantwo-thirds
ofthezincistransferredduringthelasttrimesterof
pregnancy [183].Moreover, preterm infantsmay
have reducedabsorptionbecauseof their immature
gastrointestinal tract. These impairments result in
elevatedzincrequirementsduringtheneonatalperiod,
althoughspecificrequirementsfortheseinfantshave
notbeenestablished.

Malnourishedinfantsandchildren

Thedietary requirements for zinc inmalnourished
childrenareestimatedtobebetween2and4mg/kg/
day,dependingonthevolumeoffoodintakeandrate
ofgrowth[184].Thesezincrequirementsaremarkedly
higherthanthoseestimatedforhealthychildren(e.g.,
0.17mg zinc/kg/day for children 1–3 years of age;
table 1.9), presumably due toprior zincdepletion,
the need for zinc for tissue synthesis, problems of
malabsorptionduetochanges inthe intestinal tract,
andpossiblyincreasedlossesduetodiarrhea.

1.9Summary

Due to themultiple biologic functionsof zinc and

itsubiquitousdistributioninhumantissues,thereis
abroadrangeofphysiologicsignsofzincdeficiency,
whichmayvarydependingontheaffectedindividuals’
sex and stageof the lifecycle.The functional effects
of zinc deficiency have beendeterminedprimarily
throughcommunity-basedzincsupplementationtrials
andclinicalstudiesofindividualswithacrodermatitis
enteropathica, childrenwith severemalnutrition,
and the elderly. The adverse consequences of zinc
deficiency include the following: (1) impaired
immunocompetence and increased prevalence and
incidenceof childhood infections, such asdiarrhea
andpneumonia,whichmayresult in increasedrates
ofmortality; (2) impairedgrowthanddevelopment
ofinfants,childrenandadolescents;and(3)impaired
maternal health and pregnancy outcomes. These
complicationsofzincdeficiencymaybebetterdefined
when the specificbiochemicalmechanisms that link
zincstatustotheseoutcomesareelucidated.
Although other factors may contribute to the

development of zincdeficiency, inadequate dietary
intake of absorbable zinc is likely to be themost
common cause. The adequacy of zinc intake is
affectedbythepresenceofdietaryfactorsthatinhibit
zincabsorption,primarilythephytate:zincmolarratio.
Dietsbasedlargelyonunprocessedcerealsortubersand
negligibleamountsofanimalsourcefoodsincreasethe
dietaryrequirementsforzinc,andthereforeheighten
thechallengeofacquiringanadequateamountofzinc
fromthediet.Itisalsorecognizedthatzincdeficiency
inmanypopulationsmaybeattributabletounderlying
socialandeconomicproblems,suchaspoverty,poor
qualityfoodsupply, lackofnutritioneducation,and
elevated exposure to pathogens because of poor
environmentalsanitationand/orpersonalhygiene.The
identificationofhigh-riskgroupswithinpopulations
onthebasisofsocio-demographicvariablesiscovered
insection2.5.
Groupsatincreasedriskofzincdeficiencyinclude

thosewithhigh requirements for zincand those for
whomotherfactorsmakeitdifficulttoacquirediets
with adequate zinc content.Thesehigh-risk groups
include pre-term infants, small-for-gestational-age
terminfants,youngchildrenaftertheperiodofexclu-
sivebreastfeeding,childrenpresentingwithandrecov-
ering frommalnutrition, adolescents, pregnant and
lactatingwomen,andtheelderly.Basedonthe large
bodyofevidenceforpositiveeffectsofsupplemental
zinconmultipleoutcomesofconcerntopublichealth,
itisevidentthatsimilarbenefitswouldberealizedin
programsdesigned to improve zinc intakes among
those athigh risk for zincdeficiency. Identification
ofnutritional zincdeficiency and its specific causes
has thereforebecomea growing concern forpublic
healthplanners.Methodstoestimatetheriskofzinc
deficiencyinpopulationsandstrategiesforimproving
zincstatusareconsideredinthefollowingchapters.
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2.1Objectivesofassessment

Assessingthenutritionalstatusofapopulationiscriti-
calindevelopingnutritioninterventionprogramsthat
enhancehumanhealthandwell-being.Theresultsof
nutritional assessment efforts arenecessaryboth to
determine thepresenceandmagnitudeofparticular
nutritionproblemsand,whenindicatedbytheresults,
toelicitpublicinterestandgarnerresourcesforaction.
Assessmentdataareusedtodeterminethelevelofrisk
ofdeficiency in the generalpopulation and thereby
indicatetheprobableconsequencesforhumanhealth
andproductivity. Informationderived fromassess-
mentsisalsousedtoidentifyspecificsegmentsofthe
populationatelevatedrisksothatinterventionsmay
betargetedtothoseingreatestneed,ortodetermine
whetherpopulation-wideinterventionsareindicated.
Assessmentscanalsobeused tomonitorchanges in
nutritional conditionsover time, therebypermitting
decisionsontheeffectivenessofinterventionprograms
andneedfortheircontinuation.
The following paragraphs review some general

aspectsofnutritional assessment.Availablemethods
forthespecificassessmentofzincstatusinindividu-
als andpopulations aredescribed in the subsequent
sections.

Identifyinghigh-riskgroups

Amajorobjectiveofnutritionalassessmenteffortsis
toidentifyhigh-riskgroupswhomightbetargetedby
nutrition(andpossiblyotherhealth)interventionpro-
grams.Targetingenableslimitedresourcestobeused
mostefficientlytoreachthoseinneedandtoprotect
thosewhodonotrequiretheprogramfromanypos-
sible adverse effectsof the intervention.Riskgroups
canbedefinedintermsofalmostanyeasilyidentifiable
descriptor,whichmightincludethefollowing:
» Physiologic status, asdefinedby agegroup,phase
of reproductive cycle (e.g.,pregnantor lactating),
orpresenceof illness (e.g., presenceofpersistent
diarrhea,HIVinfection);

» Political or geographic region of inhabitance
(e.g., regions,districts,urbanvs. rural, coastal vs.
inland);

» Socioeconomicstatus(e.g.,levelofmaternaleduca-
tion,income,employment,oraccesstohealth,water
andsanitationservices).
Information on the population’s zinc status, or

overallriskofzincdeficiency,shouldbedisaggregated
according to someof thesepossible risk factors, as
appropriate, such that sub-populations at elevated
riskmaybe identified.Physiologic factorsassociated
withanincreasedriskofzincdeficiencyaredescribed
insection1.8inchapter1.Aswithmostothernutri-
entdeficiencies, the groups that appear tobemost
commonlyaffectedbyzincdeficiencyareinfantsand
youngchildren,adolescents,womenduringpregnancy,
andtheelderly.Socioeconomicfactorsthatmayalso
beusedtoidentifyat-riskpopulationsorsub-popula-
tionsaredescribedinsection2.5.

Applicationsforprogramevaluation

Nutritionalassessmentsshouldberepeatedperiodically
todeterminechanges in thepopulation’s statusover
time. Ideally, the same techniques that are used to
examinethenutritionalconditionatbaselineshould
be used consistently during followup to facilitate
interpretationofanydifferencesthatareencountered.
Other indicators of environmental or economic
conditions shouldbe included in the assessment to
determinewhetherchangesinnutritionalstatuslikely
occurredduetoeliminationoftheunderlyingecologic
or socioeconomic causes of the problemor due to
successoftheprogramitself.Specificmethodsforthe
monitoringandevaluationofprogramsandpossible
indicatorsareprovidedinsection3.6inchapter3.

Importanceofassessingbothnutritiondeficiency
andexcess

Nutritionalabnormalitiescanbedefinedintermsof
deficiency,excess,orimbalanceofparticularnutrients
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orfoods.Althoughnutritioninterventionsshouldbe
designedappropriatelytoprovidethemostfavorable
ratioofbenefitstorisks,evenunderthebestofcircum-
stancestheseprogramsmaynotbeentirelyfreefrom
possibleadverseconsequences.Thus,itisprudentto
includeanassessmentofpossibleundesirableoutcomes
oftheseinterventionsaswellastheirpositiveimpacts.
Inthecaseofzinc,excessiveintakemayresultinabnor-
malitiesofcopper,iron,and/orlipoproteinmetabolism.
Itmaynotbefeasibletoincludebiochemicalindicesof
copperstatusandlipoproteinprofilesinlargesurveys.
However,itisadvisabletoincludetheseassessmentsin
efficacytrialsofzincinterventionsprogramstoidentify
anypossibleadverseeffectsinthepopulationofinter-
est.Informationonevaluatingtheriskofexcessivezinc
intakeisgiveninsection2.6.

Individualversuspopulationassessment

Nutritional assessmentmay focuson individualsor
populations.Apopulation is defined as any group
of individuals who share a common trait, often
nationality.Whereas assessmentof individuals leads
to case-specific treatmentor counseling, assessment
ofpopulations isused toplanandevaluatepopula-
tion-basedinterventions.Thus,itisnotcriticalforthe
populationassessmenttechniquestoprovidecertainty
withregardtoanyparticularindividual’struestatus.
Thisisanimportantdistinctionwithregardtoassess-
ingzincstatus,becausewhileavailabletechniquesmay
misclassifysomeindividuals,theymaybeappropriate
fordetectingpopulationsathighriskofdeficiency.
Assessmentof zinc status in individualswill find

applicationmost often in clinical settings among
thoseseekingmedicalattentionforahealthcondition.
In thecontextof lower-incomecountries, it is likely
thatdiagnosisofisolatedzincdeficiencywillberare,
butratherwillbefoundinassociationwithavariety
ofhealth conditions forwhichprimary treatment is
being sought.For example, childrenpresentingwith
severemalnutrition,diarrheal infections,or respira-
toryillnessesmaybezincdepleted,inwhichcaseusual
treatment strategies should ensure correctionof the
zincdeficiencystate.
Populationassessmentisappliedtoasampleofthe

populationofinterest.Thissamplemaybechosenina
numberofdifferentways,butthesamplingtechnique
mustselectrepresentativemembersofthewholepopu-
lation.Ideally,theassessmentproceduresusedinpopu-
lationsurveysshouldbesimple, low-cost,andrapid,
andanynecessaryequipmentmustbeeasilytransport-
able.Theprimarygoalofpopulation-levelassessment
of zinc status is tocharacterize thedegreeof riskof
deficiency in the population and theurgencywith
whichthesituationneedstobeaddressed,ifatall.

Availablemethodsforassessingriskofzinc
deficiencyinpopulations

Aswithothernutrients,anumberofgeneraltechniques
canbeusedtoestimatetheriskofzincdeficiencyin
individualsorinpopulations.Thesearecategorizedas
thefollowing:
1. Thepresenceorprevalenceofclinicaloutcomesof
zincdeficiency(e.g.,stunting,diarrhea),orother
ecologic factorsassociatedwith riskof zincdefi-
ciencyorriskofinadequatezincintakes;

2. Assessmentoftheadequacyofdietaryzincintakes
inrelationtotheoreticalrequirementsforabsorbed
zinc;

3. Biochemical measures of zinc concentration,
activityofzinc-dependentenzymes,orotherzinc-
responsive biocomponents in biologic fluids or
tissues,assessedincomparisontoreferencevalues
orestablishedcutoffs;

4. Measurementoffunctionalresponsesfollowingthe
intakeofadequatesupplementalzinc.
The selectionofwhich risk indicators tousewill

dependon the specific objectivesof the assessment
andavailable resources.Whenapplied, these indica-
torsshouldbeassessedinarepresentativesampleof
thetargetpopulation.Ideally,severalofthesemeasures
shouldbeconsideredincombination,oratdifferent
stagesoftheassessment.Thefollowingsectionsprovide
detailsoftherangeofassessmentmethodscurrently
availableandtheirapplicationandinterpretation.The
focusofthesesectionsistheassessmentoftheriskof
zincdeficiency inpopulations; applicabilityof these
methodsforassessments inindividualswillbemen-
tionedwhereappropriate.Theassessmentmethodswill
beclassifiedintotwocategories:(1)thosethatprovide
suggestiveevidenceoftheriskofzincdeficiencybased
on existing data collected for other purposes (sec-
tion2.2); and (2) those that are applied specifically
toestimatetheriskofzincdeficiencyinapopulation
(section2.3).

2.2Suggestiveevidencefortheriskofzinc
deficiencyinpopulations

Certainhealthorecologicconditionsmaybeassoci-
atedwith, althoughnotnecessarily specific to, zinc
deficiency.Nevertheless,theseconditionsmayprovide
usefulsuggestiveevidencethatapopulationisatrisk
ofzincdeficiency.Forexample,stunting(lowheight-
for-age)amongpreschoolchildrenisacommonclini-
calmanifestationof zincdeficiency.Althoughother
nutritional or environmental factors can also cause
stunting,anelevatedprevalenceofthisconditionmay
beusedassuggestiveevidenceofzincdeficiencyina
population.Anotherkindofsuggestiveinformationis
providedbynational foodbalancesheets,whichcan
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beusedtoassesstheadequacyofzincinnationalfood
supplies and to estimate the riskof inadequate zinc
intakeatthenationallevel.Finally,theprevalenceof
iron-deficiency anemia is another typeof suggestive
informationontheriskofzincdeficiency.Although
irondeficiencydoesnotcausezincdeficiency,boththe
distributionofironandzincinthefoodsupply,and
thedietarycomponentsthatmodifytheirabsorption,
aresimilar,suggestingacomparableriskfordeficiency.
Thereforeratesofiron-deficiencyanemiamaybeused
assuggestiveevidenceoftheriskofzincdeficiency.
Anotableadvantageoftheseproposedsupporting

dataisthattheymaybecompiledfromexistingsources
of informationandthereforebeusedaspreliminary
evidenceforthelikelypresenceofzincdeficiencyina
givenpopulation.Itmustberecognizedthatthesedata
are limited in that they cannotprovide reliable esti-
matesofthetrueproportionofthepopulationatrisk
ofzincdeficiency.Insomecases,forexample,thedata
maybeavailableonlyatthenationallevelortheymay
berepresentativeofaselectedsub-populationgroup,
suchaschildrenunderfiveyearsofage.Nonetheless,
becausethesedataarereadilyavailableformostcoun-
tries,theycanbeusedimmediatelybydecisionmakers
asafirststeptoassesstheexpectedriskofzincdeficiency
inthepopulationandthedegreeofurgencywithwhich
to conduct more specific population assessments.The
rationaleforuseofthesedataandtheirapplicationin
assessingtheriskofzincdeficiencyinapopulationare
describedbelow.

2.2.1Ratesofstunting

It has been well established, both by studies in
experimental animals and by human intervention
trials, that zinc deficiency is growth-limiting. In a
recentmeta-analysis, the resultsofmore than thirty
community-based intervention trials completed
in different parts of theworldwere examined to
determinetheoverallmagnitudeofgrowthresponses
to zinc supplementation [1].Notably, the responses
to zinc supplementationwere significantly greater
in those studies that enrolled subjects with pre-
existingnutritionalstuntingorunderweight,defined
respectively as height-for-age orweight-for-ageZ-
scores<–2inrelationtointernationalreferencedata.
By contrast, therewereno significant effectsof zinc
supplementationinthosestudiesthatenrolledmostly
childrenwhowerenon-stuntedand/orhadadequate
weight-for-age.These results indicate that children
with lowheight-for-ageorweight-for-age are likely
tobezincdeficient,andtheyfurthersuggestthatthe
nationalprevalenceofstuntingorunderweightamong
childrenunder5yearsofagecanbeusedasindirect
indicatorsofapopulation’sriskofzincdeficiency.
Theaforementionedmeta-analysisfoundnoeffect

ofzincsupplementationonweight-for-heightindices,

suggesting that zincmostly affects linear growth.
Thus, the rateof stunting, or lowheight-for-age, is
probablythebestanthropometricindicatorofriskof
zincdeficiency.TheWHOconsidersnationalstunting
ratesof≥20%tobealevelofpublichealthconcern
[2].Thesamecutoffcanbeappliedtoindicatewhen
theremaybea substantial riskof zincdeficiency, in
which case further assessmentof zinc status should
beconsidered.Dataontheprevalenceofstuntingare
collectedroutinelyinmanycountriesandarecompiled
intheWHOGlobalDataBaseonChildGrowthand
Malnutrition [3].Updated information is available
on the Internet (http://www.who.int/nutgrowthdb/).
Thus, countries can use this existing information
toassessthe likelihoodthatzincdeficiencyisa local
problem.The followingmap, reproduced from the
WHOdata(figure2.1),indicatesthosecountrieswhere
theprevalenceofchildhoodstuntingexceeds20%,and
specificdatacanbefoundinappendix1.

2.2.2Adequacyofzincinthenationalfoodsupply

Studiesofdietaryintakecanbeusedtoestimatetherisk
ofinadequatezincintakeinapopulation.However,at
present, informationon zinc consumptionhasbeen
obtainedfromrepresentativesamplesofthenational
populationsof very few lower-income countries. In
lieuofavailableinformationondietaryzincintake,a
simplealternativemethod,basedonthezinccontentof
thenationalfoodsupplyinrelationtothepopulation’s
theoreticalzincneeds,canbeappliedtoestimatethe
riskofinadequatezincintake.Theproposedmethod
isdescribedinthissection.
Eachyear theFoodandAgricultureOrganization

(FAO)oftheUnitedNationspublishesnationalfood
balance sheets (FBS),which currently providedata
on the amounts of 95 food commodities available
for human consumption in 176 countries.Despite
the inherentweaknesses of this typeof aggregated,
national-level information, theFBSdoprovide rea-
sonablyaccurate,frequentlyupdatedinformationthat,
withappropriateinterpretationandconsiderablecau-
tion,canbeusedasanecologicalindicatoroftherisk
ofinadequatezincintakeinthepopulation.Thegen-
eralapproachforestimatingtheamountofabsorbable
zincinnationalfoodsuppliesandjudgingitsadequacy
hasbeendescribedindetailelsewhere[4].Thisearlier
analysishasbeenupdated for thepresentdocument
to includemore recent information fromFBS for
theperiod1992–2000andtoaccountforthecurrent
IZiNCGrevisedestimatesof theaveragephysiologic
requirements forabsorbedzincandthe levelofzinc
absorptionexpectedfromdifferenttypesofdiets.
Fortheseanalyses,theamountsofeachofthefood

commoditiesreportedinthenationalFBSweremul-
tipliedbytheirzincandphytatecontentstodetermine
theamountsofthesefoodcomponentsthatareavail-
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able forhuman consumption in each country.The
amountof zinc thatmightbe absorbed from these
foodswas then calculated,byusing the amountsof
zinc and phytate to estimate the country-specific
meanfractionalabsorptionofzinc,usingtheequation
presentedinsection1.6.Theestimatedmeandailyper
capitaamountofabsorbablezincinthefoodsupply
wasthencomparedwiththemeanphysiologicrequire-
mentforabsorbedzincforthepopulation(table1.9),
afterweightingthesetheoreticalrequirementsforthe
population’s age and sex distribution. Finally, the
proportionof thepopulation at risk of inadequate
zinc intakewas estimatedby calculating thepercent
ofindividualswhoseintakeofabsorbablezincislikely
to provide less than their physiologic requirement,
assuming the following: (1) that themean intakeof
absorbable zinc in each country is the same as the
meandailypercapitaabsorbablezinccontentofthe
foodsupply;(2)thatthehabitualintakeofabsorbable
zincisnormallydistributed;and(3)thatthereisa25%
inter-individualcoefficientofvariationinintake[5].
ThismethodisakintotheEARcut-pointmethodfor
estimatingtheadequacyofnutrientintakesinapopu-
lation,asdescribedintherecentFNB/IOMpublication
ondietaryassessment[6].Theassumptionsnecessary
toassurethevalidityofthismethodtoestimateinad-
equateintakesinapopulationaredescribedinfurther
detailinsection2.3.1.
Itisimportanttorecognizethattheaccuracyofthis

approachisunderminedtosomeextentbythelackof
well-founded,quantitative informationon the food
processingtechniquesemployedindifferentcountries.
Forexample,theextentofmillingandfermentationof
cerealstaplesmarkedlychangestheirzincandphytate
contents,andhencetheestimatesoftheabsorbablezinc

contentsofthesefoods.Thus,severaladditionalsetsof
assumptionshadtobeappliedforthepresentanalyses.
Inparticular,withregardtowheat,thefollowingwere
assumed: (1) that 90%of thewheat in the regions
ofNorthAfrica and the easternMediterranean and
SouthAsia is consumedaswholewheat and10% is
consumedas75%-extractionwhiteflour;(2)that10%
ofthewheatinLatinAmericaandtheCaribbeanand
insub-SaharanAfricaisconsumedaswholewheatand
therestisconsumedaswhiteflour;and(3)thatinall
othercountries1%ofthewheatisconsumedaswhole
wheatandtheremainderaswhiteflour.Inallcases,it
wasassumedthatwhole-grainwheatisnotfermented
and58.5%ofthewhiteflourisfermentedwithyeast,
asisthepracticeintheUnitedStates[7].Inthecase
ofmaize,thefollowingwereassumed:(1)inCentral
Americaallavailablemaizeisprocessedintotortillas;
(2) inWestAfrica all availablemaize is fermented;
and (3) in allother countriesmaize is consumedas
unfermented,unrefinedmaize.Finally,itwasassumed
thatallriceisconsumedasunfermented,milled,white
riceandallothercerealsareconsumedasunfermented,
whole-grainproducts.Theseassumptionsarebasedon
justalimitednumberofconsultationswithexpertson
nationalfoodsupplies,soifmoreaccurateinformation
on foodprocessing is available at the country level,
the informationpresentedherein shouldbe revised
accordingly. In a paper to be published separately,
we examine in greater detail howmodifying the
assumptions regarding foodprocessing techniques
might affect the estimatedpercentof individuals at
riskofinadequatezincintake.Briefly,theseestimates
are affected to only amodest degree in all regions
excepttheeasternMediterranean,wherethepredicted
percentof thepopulationat riskof inadequate zinc

FIG.2.1.Estimatedprevalenceofstunting(<–2Z-score)amongchildrenunder5yearsofage,bynation;
adaptedfromtheWHOGlobalDataBaseonChildGrowthandMalnutrition[3]

<10%
10–20%
>20%
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intakemightrangefrom7%to15%,andSouthAsia,
wherethepredictedvaluesmightrangefrom24%to
34%,dependingontheassumptionsthatareapplied.
Table2.1displaysregionaldataonthemeandaily

percapitaavailabilityofthefollowingitemsinthefood
supplyof176countries:totalenergy(kcal/day),percent
of energy fromanimal-source foods, total zinc (mg/
day),zincdensity(mg/1000kcal),percentofzincfrom
animalsourcefoods,totalphytate(mg/day),phytate:
zincmolar ratio, estimated fractional absorptionof
zinc (percent of themeandaily per capita amount
ofavailablezinc),estimatedabsorbablezinc(i.e.,the
meandailypercapitatotalavailablezincmultipliedby
theestimatedfractionalabsorptionofzinc,inmg/day),
absorbablezincasapercentageoftheweighteddaily
meanpopulationzincrequirement,andtheestimated
percentof thepopulationat riskof inadequate zinc
intake.Theregionsarerankedindescendingorderby
the amountof absorbable zinc in thenational food
supplies.
Themeandailypercapitaamountoftotalzincin

thenationalfoodsupplyisabout15mg/dayinNorth
Africa and the easternMediterranean,wherenearly
50%of the foodenergy isderived fromwheat (pre-
sumably,mostlywhole-wheat)products, 11–12mg/
dayinthecountriesofEurope,NorthAmerica,China,
andthewesternPacific,andabout9–10mg/dayinthe
countriesofLatinAmericaandtheCaribbean,South
andSoutheastAsia,andsub-SaharanAfrica.Thetotal
zinccontentofnationalfoodsuppliesisstronglyasso-
ciatedwithtotalenergycontentandpercentofenergy
providedby animal source foods (datanot shown).
Notably,inthewealthiercountriesmorethanhalfthe
zincisprovidedbyanimalsourcefoodscomparedwith
just15–25%inthepoorerones,leadingtosizeabledif-
ferencesinthephytate:zincmolarratiosamongregions
andapproximately50%differences in the estimated
amountofzincthatislikelytobeabsorbedfromthe
available foods (table 2.1).Using the assumptions
describedabove,itappearsthatfewerthan10%ofthe
populationof theWesternEurope,NorthAmerican,
andNorthAfrican/easternMediterranean regions is
atriskofinadequatezincintakecomparedwithmore
than25%ofthepopulationinLatinAmericaandthe
Caribbean,SouthandSoutheastAsia,andsub-Saharan
Africa.Additionalcountry-specificinformationonthe
absorbable zinc contentofnational food supplies is
availableinappendix1.
Severalconcernsmustbehighlightedwithregardto

theinterpretationofthisinformation.Firstofall,the
databasethatwasusedtoestimatethezincandphytate
contentsofnationalfoodsuppliescontainsinforma-
tiononafairlylimitednumberoffoods,soinsome
casesinformationhadtobeimputedforthefullrange
ofcommoditiesreportedintheFBS.Secondly,national
FBSprovideinformationonfoodavailability,notfood
consumption, so theactualwithin-countrydistribu-

tionsoffoodintake,andhencezincconsumption,are
uncertain.The assumptionof 25% inter-individual
variation inzinc intake thatwasapplied isbasedon
a singlenationalnutrition survey conducted in the
UnitedKingdom[8]andmayvaryacrosscountriesand
agegroups.Finally, the estimatesof zinc absorption
donotaccountfortheseinter-individualdifferencesin
intake,andtheyrelyonadditionalassumptionsregard-
ingthetypesoffoodprocessingthatareemployedin
differentcountries.Forallthesereasons,theestimates
oftheabsolutepercentofindividualsatriskofinad-
equatezincintakemustbeinterpretedwithagreatdeal
ofcaution.Nevertheless,therankorderofrisklevelin
differentcountriesandregionsshouldbereasonably
reliable,sotheseresultscanbeusedtoidentifythose
settingswhere there is a greater likelihoodof inad-
equatezincintakes.

2.2.3Ratesofanemia

Althoughanemiamayresultfromavarietyoffactors,
abouthalfofallcasesarebelievedtobeattributable
to irondeficiency [9]. Iron and zinchave a similar
distributioninthefoodsupply,andsomeofthesame
food components similarly affect the absorptionof
bothminerals.Therichestsourcesofironandzincare
meatandotheranimalfleshfoods,andbotharefound
inmoderateconcentrationsincerealgrains,whichhave
muchlowerproportionsavailable forabsorption.As
thenutritionalcausesofirondeficiencyandzincdefi-
ciencyaresimilar,highratesofiron-deficiencyanemia
maybeusedassuggestiveevidenceoftheriskofzinc
deficiency.
Thereareseveraldatasetsthatdemonstrateapositive

correlationbetweenanemiaandindicatorsoftheriskof
zincdeficiency.Forexample,theprevalenceofanemia
isinverselycorrelatedwiththeamountofabsorbable
zinc innational food supplies (r=–0.47,p<0.01;
Wuehleretal,unpublisheddata). InastudyofNew
Zealandwomen(n=238),serumzincconcentrations
weremodestlybut significantlypositively correlated
withhemoglobin (r=0.182;p=0.002), and serum
ferritin (r=0.10;p=0.05) among thosenotusing
oral contraceptive agents.* Significant correlations
between serum zinc and hemoglobin (r = 0.291;
p<0.05)havealsobeennotedinItalianadults[10].In
astudyofpregnantFilipinowomen,hemoglobinand
serumzincweresignificantlycorrelatedat24weeks(r
=0.22;p<0.001),butnotat36weeksofgestation[11].
ResultsfromtherecentNationalNutritionSurveyin
Mexico[12]alsodemonstratedasignificantcorrelation
betweenhemoglobin and serumzinc concentration
amongwomen(r=0.221;p<0.001),andschool-aged
children (r=0.090;p<0.05), althoughnot among
preschool children (r=–0.025;p>0.05).A lackof

*RSGibson,personalcommunication.
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relationshipbetweenserumzincandhemoglobinhas
beenreportedinsomepopulations,suchaspregnant
Malawian women [13] and young Vietnamese
children [14], and thismay inpartbe attributed to
theeffectofconfoundingfactors,suchasthepresence
of concurrent infections, includingmalaria, on the
biochemicalindices.Thus,itmustberecognizedthat
theoccurrenceofanemiadoesnotnecessarilyindicate
thepresenceofzincdeficiency.
Anemia rates are oftenmeasured in large-scale

populationhealthsurveys,soinformationisavailable
formany countries, primarily forhigh-risk groups,
suchaswomenof childbearing age andyoung chil-
dren.Wheretheprevalenceofiron-deficiencyanemia
in any age group is considered to be high, further
assessmentsofzincdeficiencyarewarranted.Current
guidelinessuggestthataprevalenceofanemia>40%is
indicativeofaseverepublichealthproblemrequiring
urgentcorrectiveaction[15](http://www.who.int/nut/
documents/ida_assessment_prevention_control.pdf).
Aglobaldatabaseofprevalenceratesofanemiaand
irondeficiencyiscurrentlymaintainedbyTheMicro-
nutrient Initiative (http://www.mn-net.org/idastat/).
TheUnitedNationsWomen’s Indicators andStatis-
ticsDatabase(Wistat)providesdataonanemiarates
amongpregnant andnon-pregnantwomen inmore
than200 countries and is availableoncompactdisc
(UnitedNationspublications,NewYork/Geneva).

2.2.4Compositeindexofthenationalriskofzinc
deficiency,basedonstuntingratesandtheadequacy
ofzincinthenationalfoodsupply

Twooftheforegoingpiecesofinformationthataresug-
gestiveofapopulation’sriskofzincdeficiency—namely,
thepercentofpreschoolchildrenwhoarestunted(low
height-for-age)andthepercentofindividualsatriskof
inadequatezincintake(basedondataobtainedfrom
nationalFoodBalanceSheets)—useinformationthat
isalreadywidelyavailableandroutinelypublishedby
theUNagencies.Therefore,thesesourcesofinforma-
tionallowforimmediateestimationoftheriskofzinc
deficiencyinmanycountries.However,forthereasons
statedabove,neitherofthesepiecesofinformationcan
provideatrueestimateoftheriskofzincdeficiency
in a particular population. In an attempt toderive
strongerinferencesthanmightbepossiblefromeither
oneofthesesourcesofinformationalone,theIZiNCG
SCexploredthepossibilityofcombiningbothsetsof
information to construct a composite indexof the
nationalriskofzincdeficiency.
Preliminary analyses indicated thatnational-level

data concerning the percent of preschool children
whoarestuntedandthepercentofindividualsatrisk
of inadequatezinc intakeare significantlycorrelated
(r=0.60,p<0.0001),althoughthereisconsiderable
variabilityaboutthebest-fitline(figure2.2).Because

of this variability and the fact that these indicators
only provide suggestive informationon the risk of
zincdeficiency,countrieswerethenclassifiedaccord-
ingtothecombinedsetofinformation.Asdiscussed
previously(section2.2.1),theWHOconsidersarate
of stunting≥ 20% as indicative of a public health
problem.With regard to the FBS information, a
cutoffof25%estimatedprevalenceofinadequatezinc
intakewasappliedbecauseofthemultiplesourcesof
uncertainty inusing thesedata to estimate the risk
ofpopulation zincdeficiency.Using the two setsof
cutoffs,itispossibletoidentifyasetofcountrieswith
a relativelyhigh riskof zincdeficiency according to
bothindicators(figure2.3).Likewise,thetwosetsof
datacanbecombinedtoidentifycountrieswherethe
rateof stunting is less than10%and thepercentof
individualsatriskofinadequatezincintakeislessthan
15%,inwhichcasestheriskofzincdeficiencyislikely
tobe low.Finally, countrieswith intermediate rates
ofeitherstuntingorprevalenceofriskofinadequate
intakecanbeconsideredtohaveanintermediaterisk
ofzincdeficiency.Accordingtothiscombinedindica-
tor,asshowninfigure2.3,selectedcountriesinSouth
andSoutheastAsia,SouthernAfrica,CentralAmerica,
andtheAndeanregionappeartohavethehighestrisk
ofzincdeficiency,andmanyothercountriesinthese
sameregionsareclassifiedashavingamoderaterisk
ofzincdeficiency.Country-specificinformationonthe
availablesuggestiveevidenceofzincdeficiencyandthe
combinedindicatorofriskisprovidedinappendix1.
Notably,approximatelyonethirdoftheworld’spopu-
lationliveincountriesidentifiedashavingahighrisk
ofzincdeficiencyandonehalfliveincountriesfound
tohaveamoderateriskofzincdeficiency.

FIG. 2.2.Relationship between two sets of suggestive
information concerningnational risk of zinc deficiency:
theprevalenceofstunting(lowheight-for-age)inpreschool
children and the percentage of the population at risk of
inadequatezincintake(basedonnationalfoodbalancesheet
data)(r=0.61,p<0.001).
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2.3Methodstoestimatetheriskofzinc
deficiencyinpopulations

As indicatedby the suggestive evidencedescribed in
section2.2,zincdeficiencyisexpectedtobewidespread.
However,tomoveforwardwiththedevelopmentand
evaluationofprograms to improvepopulation zinc
status,itisnecessarytoderivemorepreciseestimates
ofthemagnitudeofriskofzincdeficiencyusingmore
directmeasuresofapopulation’szincstatus.Currently,
nationalprevalenceestimatesofzincdeficiencybased
ondirectmeasures are lacking formost countries.
Themethodsforassessingtheriskofpopulationzinc
deficiencythatwillbediscussedinthissectioninclude
assessment of dietary intakes of zinc, biochemical
indicatorsof zinc status, and functional response to
zincsupplementation.Thissectionsuggestsmethods
forthedirectmeasurementofzincstatus,andpossible
approachestotheinterpretationofresults;application
ofstandardizedmethodswillassistinthecomparison
ofinformationonindicatorsofzincstatusofdifferent
populations.

2.3.1Assessmentofdietaryzincintakes

Becauseinadequatedietaryintakeofzincisthemost
likelycauseofzincdeficiency,dietaryassessmentisan
important component in evaluating the riskof zinc
deficiency.Informationontheadequacyofdietaryzinc
intakesshouldbeinterpretedtogetherwithdataderived
fromotherassessmentmethods,suchasbiochemical
assessment(section2.3.2),tofacilitateinterpretationof
theriskofzincdeficiencyinthepopulation.Standard
dietaryassessmentmethodscanbeappliedtoevaluate
the adequacyof zinc intakes inpopulations, and to

support resultsofbiochemical assessments. Further,
informationderivedfromdietarysurveysisusefulfor
determiningthespecificdietarycausesofinadequate
zincintakeandthereforetohelpidentifyappropriate
food-basedapproachestointervention.
Itisunlikelythatitwillbefeasibletodeveloplarge-

scalepopulation-baseddietarysurveystoassessintakes
ofasinglenutrientinmostcountries.However,where
nationalnutritionsurveysareplanned,assessmentof
zinc intakes shouldbe included, particularlywhere
suggestiveevidenceindicatesanelevatedriskofzinc
deficiency in thepopulation (section2.2).Likewise,
whensuchdietarysurveyshavealreadybeencompleted,
itshouldbepossibletore-analyzetheinformationon
foodintaketoassesstheadequacyofzincintake.This
sectionprovidesinformationthatwillhelpguidethe
choiceofappropriateassessmentmethodsandincludes
considerations for thedesignofdietary surveys and
analysisofdatawherezincistobeincorporatedinthe
assessment.

Determiningtheobjectivesofthedietarysurvey

Before selecting specificdietary assessmentmethods
anddevelopingasurveydesign,theobjectivesofthe
dietaryassessmentstudymustbeclearlydefined.There
aretwopossibleapproachestocollectingdietarysurvey
data.Thepreferredapproachistoestimatethepreva-
lenceofinadequateintakesbasedonthedistribution
ofusual intakes in thepopulation. In this case, the
distributionof observeddietary intakes in a group
mustbe corrected for intra-individual (day-to-day)
variation in intake.The assessmentmust therefore
coveratleasttwo,preferablynon-consecutive,daysof
dietary intakes for each individual,or for anappro-

FIG2.3.Nationalriskofzincdeficiencybasedoncombinedinformationregardingtheprevalenceof
childhoodgrowth-stuntingandthepercentofindividualsatriskofinadequatezincintake

Low
Moderate
High
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priate sub-sampleof individuals in the survey (i.e.,
at least 30–40 individuals; [6]). In the casewhere it
ispossibletoestimateusualintakesforallindividuals
inthesample,thenumberofdaysofdietarydatafor
each individual required toderive this estimate can
becalculatedusingtheinformationinbox2.1.Aless
desirableapproachistocharacterizemeanintakesofa
group,inwhichcasedietaryinformationforaone-day
periodiscollectedforeachpersoninthesurveysample.

Thismethodislimitedbecauseonlythemeanintake
canbeestimatedwithcertainty;thetruedistributionof
usualintakesbythepopulationisnotknownbecause
variabilityduetointra-individualvariationinintakes
isnotmeasuredandthereforecannotberemovedsub-
sequentlyfromtheintakedistribution.Inbothcases,
eachdayoftheweekshouldbeequallyrepresentedin
thefinalsample.
Thechoiceofsurveyapproachwilldependonthe

BOX2.1.Assessingtheadequacyofindividuals’intakes:anexample

Sourceofdata n

Meanzinc
intake
(mg/day)

Intra-
individual
variance
(%)

Inter-
individual
variance
(%)

Variance
ratio

Malawianwomen:
2×24hrrecall 60 6.2 34 21 2.6
2×1-dayweighedrecord 60 6.8 44 23 3.7
Ecuadorianwomen:4×24hr
recalls

13 6.3 37 18 4.4

Ecuadorianmen:4×24hr
recalls

15 6.9 58 0 –

Theratiooftheintra-tointer-subjectvariance,orvarianceratio,canthenbecalculated.Aratio
of1.0indicatesthattheintra-individualandinter-individualvariancesareequal,whereasaratio
>1.0indicatesthattheintra-individualvarianceisgreaterthantheinter-individualvariance[16].
Insomecases,allormostoftheintakevarianceisassociatedwithintra-individualvariationin
intakes,despitetheconsumptionofrelativelymonotonousdiets.
 Aftercalculatingtheintra-individualvariationusinganalysisofvariance,theintra-individual
coefficientofvariation(CVintra),canbedeterminedas:

(√varianceofintra-individualintake÷meanintake)×100%

 TheCVintracanthenbeusedinthefollowingequationtoestimatethenumberofdaysrequired
persubjecttoestimateanindividual’szincintaketowithin20%oftheirtruemean95%ofthe
time[17]:

n=(ZαCVintra/D0)
2

where: n= thenumberofdaysneededpersubject
 Zα= thenormaldeviateforthepercentageoftimesthemeasuredvalueshouldbe

withinaspecifiedlimit(i.e.,1.96intheexamplebelow)
 CVintra= theintra-individualcoefficientofvariation
 D0= thespecifiedlimit,asapercentageoflong-termtrueintake(i.e.,20%in

examplegivenbelowmodifiedfromWillett[18]).

Example:TocalculatethenumberofdaysneededtoestimateaMalawianwoman’szincintake
using24hrrecallstowithin20%ofthetruemean,95%ofthetime:


Zα=1.96andCVintra=34%
then:

n=(1.96×34%/20%)2=11days

 Themeandietaryzinc intakedataderived for thedeterminednumberofdayscanthenbe
comparedtotheRDAappropriate forthesex, lifestage,andusualdiet typeof the individual
(table1.10).UsualintakeswellbelowthecorrespondingRDAindicateariskthattheindividual’s
zincrequirementsmaynotbemet.Furtherassessmentofclinicalandbiochemicalstatusofthe
individualwouldberequiredtodetermineifzincdeficiencyexists.
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objectivesofthesurvey,theexpectedapplicationofthe
surveydata,andtheavailabilityofresources.Asurvey
designed to estimateusual intakes for individuals in
thepopulationwillprovidemoreaccurateinformation
onthedistributionofusualdietaryzincintakesinthe
population and allow a greater capacity to do the
following:(1)estimatetheproportionofindividuals
in apopulationwith inadequate intakes; (2)design
specific, food-based zinc intervention programs
(e.g.,determininganadequateandsafe levelof zinc
fortification for a specific food vehicle); and (3)
evaluate the effectiveness of programs to improve
the zinc status andhealthof the target group(s) in
relation tochanges inusualzinc intakes. In thecase
thatusual intakes for each individual in the sample
canbeestimatedfrommultipledaysofdietarydata,it
willalsobepossibletoassesscorrelationsbetweenzinc
intakesandother indicatorsofzincstatus.However,
thesurveydesignrequiredtomeetthisobjectivewill
alsorequiremoreresources(e.g.,time,staffing,budget)
andmoreintensivedataanalysisprocedures.
Dietary surveys thatonly allow themeanpopula-

tion intake tobe assessedmaybe carriedoutwhere
resources for conducting surveys are limited.Mean
populationintakedatacanbeusedtoidentifyfoods
thataretheprimarycontributorsofspecificnutrients
inthepopulationandtoidentifypossiblefoodvehicles
foruseinfortificationprograms.However,suchdata
cannotbeusedreliablytodeterminetheprevalenceof
inadequateintakesinthepopulationbecausedataon
thedistributionofusualzincintakesarenotavailable.
Instead,onlyacrudeestimateoftheriskofinadequate
intakesinthepopulationcanbemade.Thechoiceof
surveydesignwillalsohaveimplicationsfordataanaly-
sis,andthisisdiscussedinfurtherdetailbelow.

Implementationofthedietaryassessmentprotocol

Therearefourstagesintheimplementationofadietary
assessmentprotocoldesignedtoevaluatetheadequacy
ofzincintakesinindividualsorpopulations:(1)meas-
urementoffoodintakes;(2)calculationofthenutri-
entandanti-nutritioncontentsofthefoodseaten;(3)
estimationoftheproportionofdietaryzincavailable
forabsorption;and(4)comparisonofthemeanusual
intakeof absorbable zinc for thepopulation,or the
distributionofusualzincintakeswithinthepopula-
tion,toappropriaterequirementestimatestoassessthe
adequacyofintakes.

Measurementofusualfoodintakes

Several quantitative methods for assessing usual
dietary intakes of individuals exist: weighed food
records,recalls,andsemi-quantitativefoodfrequency
questionnaires [19, 20]. Of these, food records
and recalls are designed tomeasure the quantity
of each food consumedover a one-day period.By

contrast, a food frequency questionnaire (FFQ)
obtains retrospective informationon thepatternof
foodconsumptionduringa longer timeperiod,and
sometimesontheusualintakesofcertainnutrients.
Weighedfoodrecordscompletedbytrainedresearch

assistants in households have been used to collect
reliablequantitativedataondietaryintakes,including
zinc, in lower-income countries [21].Methods for
collectingweighedfoodrecordsaredescribedindetail
elsewhere [22].Although thismethod ismore time
consumingandcostly,hasahigherrespondentburden
thanothermethods,andmayincreasethelikelihood
thatrespondentschangetheirdietary intakesduring
the recordingperiod,weighed food records are the
mostaccuratemethodofdeterminingactual intakes
duringtherecordingperiod.
Dietaryrecallscanbeusedforestimatingzincintakes

amongnon-literatepopulations,providedthatportion
sizesofthestaplecanberecalledaccurately[23,24].
Proper trainingof fieldworkers in recall interview
techniquescanminimizebiasandnon-responserates
[25].Aswell,severalstrategiescanbeusedtoreduce
memory lapses and facilitateportion size estimates,
including training respondents in the use of food
picture charts, bowls, plates and utensils familiar
to the locale, and samples of actual cookedor raw
foodsthatarecommonlyconsumed[24].Recallsare
suitableforareaswheredietsarenotverydiverseand
arepredominantlyplantbased,asisthecaseinmany
lower-income countries.Although someaccuracy is
compromisedby their use, recalls are easier, faster,
andlessexpensivethanweighedfoodrecordsandare
lessinvasive,sothatcomplianceisenhanced,andthe
tendencytoalterfoodintakeisreduced.
An interactive 24-hour recallmethod has been

speciallydesignedformeasuringusualintakesoftotal
andabsorbable zinc in lower-incomecountries.The
feasibility and the relative and concurrent validity
of thismethodwere tested in ruralMalawi, in sub-
SaharanAfrica [13, 24]. Intakes of available zinc
calculatedfromthree interactive24-hourrecallsand
indicesof absorbabledietary zincwere significantly
associatedwithhair zincconcentrations, confirming
thatthisassessmentmethodcanprovidevalidestimates
oftheamountofzincavailableforabsorptionatthe
individuallevel.Furthervalidationofthismethodto
estimateusualintakesofabsorbablezincbyindividuals
inotherpopulationswouldbeuseful.Detailsof this
interactive 24-hour recallmethod for determining
intakesandadequacyofabsorbableandtotalzinc(and
iron)aregiveninGibsonandFerguson[26].
Semi-quantitativeFFQshavenotyetbeenvalidated

fortheestimationofusualzincintakesbyindividuals.
UnlikenutrientssuchasvitaminAandcalcium,which
areconcentratedinarelativelysmallnumberoffoods
orspecifiedfoodgroups,zincoccursinawiderangeof
plant-basedfooditemsaswellasanimalsourcefoods
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andthereforemaybequantifiedlessaccuratelyusing
thismethod.AlthoughFFQsmayprove tobe suit-
ablefordeterminingmeanpopulationintakes,more
research isrequiredonthevalidityof this technique
forestimatingusualintakesofabsorbablezincforindi-
vidualsbeforeitcanbeappliedwithconfidence.

Calculatingtotalzincintakesandestimatingdietaryzinc
absorption

Oncethedailyfoodintakehasbeenmeasured,totalzinc
intakescanbecalculatedbymultiplyingtheamount(g)
ofeachfoodconsumedbyitszinccontent(mgzinc/100
g).Itispreferabletouselocalfoodcompositiondata
forcalculatingzincintakes,whenavailable,becausethe
zinc contentof locally grownplantbased foods can
varyaccordingtosoilconditions,agronomicpractices,
andlocalfoodprocessingandpreparationtechniques
[27].However,whenlocalfoodcompositiontablesare
notavailable,datafromregionalorglobaltablescan
beused.Factorsinfluencingtheproportionofdietary
zinc that is absorbed in thegut and the importance
ofconsideringthesefactorsinassessingtheadequacy
of dietary zinc intakes are discussed in section 1.6
(chapter 1).Twodifferent levels of zinc absorption
were suggested to represent the estimated usual
absorptionofzincbasedondiettypeandthephytate:
zincmolarratio:(1)mixeddietsorrefinedvegetarian
dietswerethosewithaphytate:zincmolarratioranging
from5 to18, andhaving an estimated average zinc
absorptionof27%(adultmen),35%(adultwomen),
or 31%(children); (2)unrefined, cereal-baseddiets
werethosewithaphytate:zincmolarratio>18,and
havinganestimatedaveragezincabsorptionof19%
(adultmen),26%(adultwomen),or23%(children).
AstheEAR(andRDA)forzincaredependentonthe
assumedlevelofzincabsorption,twodifferentlevels
ofEARsandRDAsarepresentedinsection1.6forthe
twodifferentlevelsofzincabsorption.Itisthususeful
to calculate totalphytate intake, in addition to total
zincintake,fromthedietaryintakedata,suchthatthe
phytate:zincmolarratiocanbecalculated,asdescribed
in section1.6.Thediet typeandphytate:zincmolar
ratiocanthusbeusedtoselectthemostappropriate
EARforuseinassessingtheadequacyofzincintakes
bypopulations. Likewise, the appropriateRDAcan
be selected for assessing adequacyof an individual’s
intakes,asdiscussedinbox2.1.
Atpresent,theamountofdataavailableonthezinc

contentoffoodsisnotasextensiveasforsomeother
nutrients,but is increasing.Also,veryfewlocal food
compositiontablescontainvaluesforthephytatecon-
tentoflocalplant-basedstaplefoods,whichwillmakeit
difficultinmanycasestoquantifytotaldietaryphytate
intakes.RegionalornationaldatacentersoftheInter-
nationalNetworkofFoodDataSystems(INFOODS)
maybecontactedforinformationontheavailability
ofdataonthezincandphytatecontentoflocalfoods.

Dataonthezinccontentoffoodsareavailablefrom
theUSDepartmentofAgriculture(USDA)foodcom-
positiondatabase,whichmaybedownloaded from
theInternet.DataonthephytatecontentofUSfoods
areavailableontheUniversityofMinnesotaNutrition
CoordinatingCenterNutrientDatabase;thesedataare
updatedregularlyandthesoftwaresystemincluding
thefoodcompositiondatabasecanbepurchasedfrom
theCenter.Thephytateandzinccontentoffoodsin
severallower-incomecountries(Egypt,India,Indone-
sia,Kenya,Mexico, Senegal)derived from the Inter-
nationalMinilistareavailablethroughtheWorldFood
DietaryAssessmentSystem,2.0.Althoughthisdatabase
isnotbeingupdated,thedietaryassessmentsoftware
programcanbedownloadedfreeofchargefromthe
INFOODS website (http://www.fao.org/infoods/
software_worldfood_en.stm).Contact information
foreachoftheseresourcesisprovidedinappendix2.
Whereadequatedataonthephytateorzinccontents
offoodsarenotavailable,itispreferabletodetermine
these contentsbydirect analysis of locally acquired
foods.Whenresourcesarenotavailable tocomplete
suchlaboratoryanalyses,thephytatecontentoffoods
maybeextrapolatedfromtheaveragephytatecontents
of common foodsor foodcategories.A tableof the
phytate contentof various foods is alsoprovided in
appendix2.
Themost commonly usedmethod for analysis

of zinc contentof foods is flameatomic absorption
spectrophotometry (AAS). Preparation of samples
for analysis includes dry ashing to removeorganic
material followed by dilutionwith acid.Detailed
methodscanbefoundinHorwitz[28]andAurandet
al.[29].Standardreferencematerials(SRM)suitable
for foodcompositionanalysisareavailable fromthe
NationalInstituteofStandardsandTechnology(NIST;
Gaithersburg,Maryland,USA)andAnalyticalQuality
ControlServices(Seibersdorf,Austria).
The adequacy of zinc intakes by individuals (as

opposedtopopulations,orgroupsofindividuals)can
be estimatedby comparing theusual intakesof the
individualtothecorrespondingRecommendedDietary
Allowance(RDA).ThederivationoftheRDAsforzinc
isdescribedinsection1.6,andtheRDAsbysexand
life-stagegroup,andbyusualdiettype,aresummarized
intable1.10.Toestimatetheadequacyofzincintakes
by individuals it is firstnecessary todetermine their
usualintakeofzinc,forwhichmultipledaysofdietary
intakedataarerequired.
Tocalculatethenumberofdaysrequiredtoassess

usual zinc intakesof individuals, dataon the intra-
individual (within-subject) variation in zinc intakes
arerequired.Thismaybederivedfrompreviously,or
prospectively,collecteddatafromasimilarpopulation
group (i.e., similar age, gender, and socio-cultural
group) forwhichmore thanonedayof food intake
datawas collected for each individual [19].Todate,
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veryfewestimatesareavailableontheintra-andinter-
individualvarianceforzincintakes.Availabledatafrom
lower-incomecountriesareshowninbox2.1(adapted
fromGibsonandFerguson[30]).
Theanalysisofphytatecontentoffoodsonawider

scale ishinderedby thepresent lackofauniversally
accepted laboratorymethod and certified reference
material.Nonetheless,severalmethodsexistandcon-
tinuetobedeveloped.Theanalyticmethodemployed
forphyticacidshouldpreferablyusehighperformance
liquidchromatography(HPLC).Thismethodispre-
ferredbecauseitcanseparatelyidentifyandquantify
boththehigher(hexa-andpenta-inositolphosphates)
and lower inositolphosphates [31].Only thehigher
inositolphosphateforms(IP-6andIP-5)compromise
zincabsorption[32].UseoftheHPLCmethodisespe-
ciallyimportantforcertainpreparedfoodsthathave
undergonesoaking,germination,and/orfermentation,
becausesomeenzymaticandnon-enzymatichydrolysis
ofhexa-andpenta-inositolphosphatestolowerinosi-
tolphosphatesmayoccur[33].

Assessingtheadequacyofzincintakes

Toevaluate the adequacyofdietary zinc inpopula-
tions,intakesmustbecomparedwithanappropriate
setofdietaryreferencevalues,takingintoaccountthe
estimatedpercentabsorptionofdietaryzinc.Although
severaldifferentsetsofrecommendeddietaryintakes
for zinc exist, comparison to a single set of recom-
mendationsisdesirabletofacilitatecross-comparison
of dietary adequacy amongpopulations.Currently
available dietary recommendations for zinc intakes
aredescribedinsection1.6.TheIZiNCGSCreviewed
available informationandpresenteda revised setof
dietary recommendations for zinc (EARs, table1.9);
these recommendations take into account variation
inintakerequirementsduetodifferencesinestimated
percent zinc absorptionbasedondiet type, andare
appropriate for internationaluse.These recommen-
dations can thusbeused to assess the adequacyof
dietary zinc intakes for different sex and life-stage
groups.Informationontheassessmentofdietaryzinc
intakesforindividualsanduseoftheRDA(table1.10)
ispresentedinbox2.1.
Whenthesurveydesignallowedfortheestimation

ofday-to-day (intra-individual)variation in intakes,
thefullprobabilityapproachmaybeusedtoestimate
theriskofinadequateintakesinthepopulation.Itis
beyond the scopeof this document todescribe the
detailsof thismethod; for in-depth informationon
the theories andmethods the reader is referred to
the publications of theNationalResearchCouncil
[16]and theFoodandNutritionBoard, Instituteof
Medicine[6].Tousethismethod,itisnecessarythat
thedistributionoftherequirementsisknownandis
symmetricalaboutthemean,andthatthephysiologic

requirements for thenutrientare independentof its
intake.Thecoefficientofvariationofzincrequirements
hasbeenestimatedtobe12.5%,asdescribedinsection
1.6.Inthecaseofzinc,independenceofrequirements
andintakescanbeassumed.*
Theobservedintakedatamustbeadjustedtoremove

variability introducedby intra-individual variation.
Thiscanbedoneusingspecializedsoftwareprograms
(e.g., C-SIDE, Iowa StateUniversity,Department
of Statistics andStatistical Laboratory,Ames, Iowa,
USA), orother statistical softwarewith appropriate
programming; detailed informationdescribing this
statisticalmethodology canbe found in the report
of theNational ResearchCouncil [16, 34, 35].As
distributions of dietary intake data are typically
skewed, the data aremathematically transformed
priortotheadjustmentforintra-individualvariation,
andcanbereversetransformedfollowingadjustment.
Thecorrecteddistributionofintakesisthencompared
tothedistributionoftheEAR,andtheprobabilityof
individualintakesfallingbelowtheEARiscomputed.
Whentheoverallprobabilityofinadequateintakeis≥
25%,itisconsideredthatthereisanelevatedriskof
zincdeficiencyinthepopulation.
As an alternative to the probability approach, a

moresimplifiedmethodtoestimatetheprevalenceof
inadequateintakesmaybeused,whichisreferredto
astheEARcut-pointmethod.Theoreticalaspectsand
applicationofthismethodologyhavebeendescribed
byBeaton [36] and the FNB/IOM [6]. Briefly, the
requirements for use of thismethod are the same
as those indicated for theprobability approach,but
includeanadditionalrequirementthatthevariability
inintakesamongindividualsinapopulationisgreater
thanthevariabilityinrequirementsofindividuals.The
latterassumptionislikelytobevalidinmostcases,as
theCVofthedistributionofpopulationzincintakes
hasbeenassumedtobe25%[5,37]basedondatafrom
a survey in theUnitedKingdom [8],which greatly
exceedstheassumeddistributionofzincrequirements
(i.e.,12.5%;section1.6).Onceadistributionforzinc

*Itisapparentfromfigure1.4thatabsorbedzincintakes
above thepointwhere intake equals endogenous lossesof
zinc results in increasedendogenous lossesof zincvia the
intestine,andtherefore it isunlikelythat increasedintakes
resultfromincreasedrequirements.Althoughzincrequire-
mentsmaybecomesomewhatdependentonabsorbedzinc
intakesintherangeofintakesjustatorbelowthephysiologic
requirementforzincasaresultofhomeostaticadaptations
thatreduceintestinallossesofendogenouszinc,theoverall
correlationbetweenzincintakesandzincrequirementsacross
arangeofdietaryzincintakesinapopulationisexpectedto
below(e.g.,<0.25–0.30),inwhichcaseanybiasintroduced
bythedependencyeffectislikelytobeminimal[6].Nonethe-
less,itshouldberecognizedthatwherealargeproportionof
individualsinapopulationhaveintakesneartotheEAR,itis
possiblethateithertheprobabilityapproachortheEARcut-
pointmethodwilloverestimatetheproportionofindividuals
withinadequateintakes.
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intakes with intra-individual variation removed
is derived, as described above for the probability
approach, theprevalenceof inadequate intakes can
simplybeestimatedbydeterminingtheproportionof
individualswithintakesbelowtheEAR.Theaccuracy
of thismethodcanapproach thatof theprobability
approach, particularlywhen the actual prevalence
of the inadequate intakes is not very high or very
low.Where≥ 25%of individuals in thepopulation
haveintakeslessthantheEAR,itmaybeconsidered
thatthereisanelevatedriskofzincdeficiencyinthe
population.Ahypotheticalexampleoftheestimation
oftheproportionofindividualswithinadequatezinc
intakesinapopulationofadultwomenisdepictedin
figure2.4.
Whenusual zinc intakesof each individual in the

samplehavebeendetermined, themean intakedata
for each individual canbeusedandno further cor-
rectionofthedistributionisrequired.Toestimatethe
prevalenceofinadequateintakes,itissimplynecessary
todeterminetheproportionofindividualswithusual
intakesbelowtheEAR.
Forsurveysthatcollecteddataforonlyasingleday’s

intakeby each individual, the true intra-individual
variation anddistribution of usual zinc intakes in
thatpopulationarenotknown.Inthiscase,itmaybe
assumedthattheCVofusualintakesbythepopulation
isequivalentto25%[5,37],asnotedabove.Assuming
thisdistribution, theEARcut-pointmethodmaybe
usedtocrudelyestimatetheproportionofindividuals
with inadequate intakes, as described above. The
proportion of individuals in the populationwith
intakes below the EAR can be determinedusing a
cumulativedistributionfunction,suchasCDF.NORM
inSPSS(SPSS,Inc.,Chicago,IL,USA),wheretheSD
ofintakesisassumedtobe25%ofthemean.However,
cautionmustbeused in the interpretationof these

databecause the truevariability inusualpopulation
intakesisnotknown.Theassumptionofa25%CVfor
populationintakeswouldnotbevalid,forexample,if
thedistributionoftheobserved(uncorrected)intakes
hadaCVoflessthan25%.Wherethetruevariability
of usual intakes by a population greatly exceeds
25%, the prevalence of inadequate intakeswill be
underestimated.

Considerationsfordesigningdietaryassessments

Asamplesizeestimateforadietarysurveycanbemade
basedontheanticipatedprevalenceofinadequatezinc
intakes, and thedesiredprecisionof the estimateof
inadequateintakes.Theanticipatedproportionofan
individual’s zinc intakes fallingbelow theEARmay
be derived frompre-existing dietary data, or from
anindirectassessmentoftheadequacyofzincinthe
foodsupply(section2.2.2).Thedesiredprecisionofthe
estimatewillberepresentedbythewidthofthe95%
confidenceinterval.Ingeneral,foragivenconfidence
intervalwidth,therequiredsamplesizewillbehigher
wheregreaterproportionsof an individual’s intakes
areexpectedtofallbelowtherequirement.However,
where high proportions of inadequate intakes are
anticipated(e.g.,>30%),widerconfidence intervals
may be acceptable, thusminimizing the required
sample size. Sample sizes basedonhalf-width 95%
confidence intervals of 0.02–0.06, expressed as the
proportionofanindividual’s intakes(i.e., theability
todeterminethemeanproportionwithin0.02–0.06on
eithersideofthemean,witha95%levelofconfidence),
aregivenintable2.2.Insituationswhereitisintended
toquantify the change indietary zinc intakes from
surveys repeated at intervals, narrower confidence
intervalsmaybedesirable.
Ultimately,thesamplesizeforalarge-scaledietary

surveywill often take into account the sample size

FIG. 2.4.Hypothetical, graphical representation of the
estimationof theproportionofadultwomenwithdietary
zincintakesbelowtheestimatedaveragerequirement(EAR)
forzincfromatypicalmixeddiet,assumingameanintake
of6.3mg/dayandCVofthecorrecteddistributionofusual
intakesof25%.Shadedarearepresentsthepercentageofthe
population(20%)withinadequateintakes.

0 2 4 6 8 10 12 14
EAR=5mg/d Meanpopulation

intake=6.33mg/d

SD=
.25xmean

20%of
population
intakesbelow
requirement

TABLE2.2.Estimatedsamplesizesfordietarysurveysassess-
ingusualzincintakesofindividualswithinapopulationby
anticipatedproportionofindividualswithinadequateintakes
andwidthof95%confidenceinterval

Estimated
proportiona

Confidenceinterval(half-width)

±0.02 ±0.03 ±0.04 ±0.05 ±0.06

0.05  457  203 115  73  51
0.10  865  385 217 139  97
0.15 1,225  545 307 196 137
0.20 1,537  683 385 246 171
0.25 1,801  801 451 289 201
0.30 2,017  897 505 323 225
0.40 2,305 1,025 577 369 257
0.50 2,401 1,068 601 385 267

a. Anticipatedproportionofindividualswithzincintakesbelowthe
estimatedaveragerequirement(EAR)

Chapter2



S143

needed to assess adequacy of dietary intakes for
othernutrients,orothersurveyvariables,andhence
thefinalsurveysamplesizemaybedictatedbythose
requirements.Whendesigningpopulationsurveys,the
samplesizeestimatesshouldbeappliedtothedifferent
populationstrata,asappropriate.Forexample,samples
maybeselectedtorepresentpopulationsindifferent
regionsordistrictsorinurbanversusruralareas.When
collectingmultipledaysofintakedataforindividuals,
non-adjacentdaysrepresentativeoftherangeofdays
tobestudiedshouldbeselectedtoenhancestatistical
information.Instudiesofruralareasinlower-income
countries,marketdaysaswellasweekendandweekdays
shouldbeproportionatelyincludedbecausethefoods
consumedcanvarybetweenmarketandnon-market
days[24].

Summary

Theproceduresforcarryingoutdietarysurveystoesti-
matetheadequacyofzincintakesbypopulationsare
summarizedinfigure2.5.Theobjectiveofthesurvey,
andotherfactorssuchastheavailabilityofresources
forsurveyimplementationwilldeterminethesurvey
designused.Weighedrecordsor24-hourrecalls can
beusedtomeasurefoodintakes.Wheretheobjective
ofthesurveyisonlytoestimatetheadequacyofgroup
meanzincintakes,asingledayofdietaryintakedata
iscollected.However,wheretheobjectiveistodeter-
minetheproportionofindividualsinthepopulation
with inadequate intakesof absorbable zinc, then at
least two, non-consecutive days of dietary intake
dataarerequiredforallindividuals(oratleast30–40
individuals)inthesurveysample.Theusualdiettype
(e.g.,mixeddiet,refinedvegetariandiet,orunrefined,
cereal-baseddiet)andthephytate:zincmolarratioof
thediet,canbeusedtoestimateanappropriatelevelof
assumedzincabsorption,andthustoselectthemost
appropriatesetofEARsfordeterminingtheadequacy
ofzincintakesbypopulations(section1.6).
If the survey was designed to measure intra-

individual variation in usual zinc intakes, the
distribution of zinc intakes should be adjusted to
remove this variationbefore estimatingadequacyof
zinc intakes.Usingthiscorrecteddistribution,either
theprobabilityapproachmaybeusedtoestimatethe
riskof individuals’ intakes fallingbelowtheEAR,or
theEARcut-pointmethodmaybeusedtodetermine
theproportionofindividualswithintakesbelowthe
EAR.If thesurveywasnotdesignedtoestimateand
correct for intra-individualvariation inzinc intakes,
thedistributionofzincintakesmaybeassumedtohave
aCVof25%;theproportionofthepopulationwith
intakesbelowthecorrespondingEARcanbecrudely
estimatedusingthisassumption.Nonetheless,caution
shouldbeusedintheinterpretationofthesedata.For
eitherstudydesign,when≥25%ofindividuals’intakes

fallbelowtheEAR,theriskofzincdeficiencyshould
beconsideredsubstantial.Nonetheless,toassistwith
the interpretationof the riskof zincdeficiency, it is
recommended to combine estimatesof adequacyof
zincintakeswithdatafrombiochemicalassessments
ofzincstatus(section2.3.2).

2.3.2Serumzincconcentration

Serumandplasmazincconcentrationsare themost
widelyusedbiochemicalmarkersofzincstatus.Strictly

Determinesurveydesign

Selectrepresentativepopulationsample
Calculatesamplesizebasedon:
1)studydesign
2)expectedprevalenceofinadequatezincintakes
3)desiredconfidenceinterval

Estimatedietaryintakeofabsorbablezinc
1)Calculatedietaryintakesofzinc(andphytate)
2)Evaluatewhethertheusualdiettypeis

representativeofamixeddiet,refined
vegetariandiet,orunrefined,cereal-baseddiet

3)Calculatethephytate:zincmolarratioofthe
usualdiet(section1.6)

4)Determinetheappropriatelevelofassumed
percentzincabsorptionandselectthe
associatedEARforassessingadequacyofzinc
intakes(section1.6)

Measurefoodintake
Weighedfoodrecordsor24-hourrecalls

Preferredsurveydesign
• Estimatetheprevalence

ofinadequateintakesin
apopulation

• Plantoincludeatleast
twodaysofintakedata
forallindividualsinthe
sample,orforatleasta
subsampleof30–40
individuals.

Lesspreferreddesign
• Estimatetheadequacy

ofmeanintakesbythe
population

• Onlyonedayofintake
dataiscollectedper
subject

Prevalenceofinadequate
intakes

• Correctdistributionof
zincintakesforintra-
individualvariation

• Determinetheproportion
ofindividualswith
intakesbelowtheEAR

Estimatedadequacy
ofmeanintake

• Assumethedistribution
ofpopulationzincintakes
hasaCVof25%

• Determinetheproportion
ofthepopulationwith
intakesbelowtheEAR

FIG.2.5.Flowchartsummarizingstepsinassessingthedietary
adequacyofzincintakesinpopulations
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speaking, zincconcentrationsmeasured in serumor
plasma are not entirely comparable, largely as a
consequenceofthedifferentcollectionandseparation
proceduresused.Nevertheless,forthesakeofsimplicity,
the followinggeneraldiscussionsoncirculatingzinc
concentrationswillrefertoserumzincforbothtypes
ofspecimens.Althoughcirculatingzincconcentrations
mayhavelimitationsinvalidityandreliabilityregarding
theidentificationofmildtomoderatezincdeficiency
in individuals, several linesof evidence suggest that
this index is useful in assessing zinc status at the
population level [1, 38, 39]. Inparticular, themean
serum zinc concentrationof groups of individuals
respondsasexpectedtodietarymodificationsandin
associationwith functionaloutcomes following zinc
supplementation.Forexample,intheUnitedKingdom
National Diet andNutrition Survey, there was a
significantpositive correlationbetweendietary zinc
intakes,assessedbyseven-dayweighed foodrecords,
andfastingserumzincconcentrationforgirlsaged4to
18years,althoughnotforboys[8].InastudyofNew
Zealandwomennotusingoral contraceptives, there
weresignificantnegativecorrelationsbetweenserum
zinc concentrations and intakes of dietary phytate
and the phytate:zincmolar ratio [40].An inverse
correlationbetween serumzincanddietaryphytate:
zincmolarratioshasalsobeenreportedinadolescent
Canadianwomen consuming lacto-ovo vegetarian,
semi-vegetarian,andomnivorousdiets[41].Further,
in two experimentally controlled studies inwhich
healthy adultswere first fed omnivorous diets and
thenswitchedtovegetariandiets,measurabledeclines
in serum zinc values on the vegetarian dietswere
observed[42,43].
In an earliermeta-analysis of the effect of zinc

supplementation on children’s growth, which
includedstudiesofseverelymalnourishedinpatients,
the initial mean serum zinc concentration was
inverselyassociatedwiththemagnitudeofthegrowth
responsetozincsupplementation[44].However,this
relationshipwas not statistically significant in an
updated versionof themeta-analysis that excluded
severelymalnourished children [1].Low serumzinc
concentrationwasfoundtobepredictiveofincreased
risk of diarrhealmorbidity among Indian children
[45]. In the aforementionedmeta-analysis of the
effectof zinc supplementationonchildren’s growth,
dataonmean serumzinc concentrationbefore and
after the interventionwere available for 15 studies
[1].Inallbutonestudytherewasapositiveresponse
to zinc supplementation.The overall effect of zinc
supplementationon serum zinc concentrationwas
large (0.82 SD) andhighly significant (p< 0.001).
Thus,thepopulationmeanserumzincconcentrationis
ausefulindicatorofsuccessfuldeliveryandabsorption
ofzincsupplementsinchildren.
Thefollowingsectionsdescribe:(1)factorsaffecting

the interpretationof serumzinc levels; (2) reference
dataforserumzincconcentrationandthederivationof
lowercutoffsforestimatingtheriskofzincdeficiency
inpopulations; (3) technical considerations for the
collection,preparation,storage,andanalysisofserum
samplesfordeterminationofzincconcentration;(4)
qualitycontrolissues;and(5)considerationsforsurvey
design.

Factorsaffectingtheinterpretationofserumzinc
concentration

Serumzinc concentrations fluctuateby asmuch as
20%during a 24-hour period [46], largely due to
theeffectsoffoodingestion.Followingameal,there
is an immediate initial increase, after which the
concentrationdeclines progressively for thenext 4
hoursandthenrisesuntilfoodiseatenagain.During
an overnight fast, the concentrationof serum zinc
increases slightly, so thehighest levelsof thedayare
generally seen in themorning [47, 48].However,
diurnalvariationsinserumzincconcentrationamong
fasted individualshave alsobeenobserved,whereby
serumzincdecreasedfrommorningtomid-afternoon
andthenbegantoriseagaintomorninglevels[49].
Low serumzinc concentrations canoccur in the

presenceofseveralconditions,representinganormal
physiologic response andnotnecessarily indicative
of low zinc status. Serum zinc concentrations are
reducedduring acute infections and inflammation,
which is likely due to the redistribution of zinc
fromtheplasmato the liver[50];cytokinesreleased
during the acute phase response activate hepatic
metallothionein synthesis [51], a metal-binding
proteinwhichappears toalter thehepaticuptakeof
zinc[52].ElevatedconcentrationsofC-reactiveprotein
orothermarkersoftheacutephaseresponsecanbe
usedtoindicatethepresenceofinfectionandshould
be considered in the interpretationof results. Stress
andmyocardialinfarctionalsoreduceserumzinclevels
[53].Becausezincistransportedinplasmaboundto
albumin,diseases,suchascirrhosisandprotein-energy
malnutrition,thatproducehypoalbuminemiaresultin
lowerserumzincconcentrations[54].Hemodilution,
asobservedduringpregnancy,oralcontraceptiveuse,
andotherhormonaltreatments,alsoresultsinalower
serumzincconcentration[55,56].Ontheotherhand,
conditionsresultinginintrinsicorextrinsichemolysis
ofbloodcellscanresultinextremelyhighserumzinc
levelsbecausetheconcentrationofintracellularzincis
considerablygreaterthaninserum.

Referencedataforserumzincconcentration
andderivationoflowercut-offs

Thelargestpopulation-basedsurveytoincludeanalysis
ofserumzincconcentrationsinapresumablyhealthy,
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non-malnourished,populationwastheUnitedStates
NationalHealthandNutritionExaminationSurveyII
(NHANESII:1976–1980).NHANESIIprovidesdata
forserumzincconcentrationsinarepresentativesample
ofpersonsaged3–74years.Detailsof theNHANES
II surveymethodology, other data collected, and
laboratoryprocedureshavebeenpreviouslyreported
[57,58].Forbothmenandwomen,serumzincvalues
were lower inchildhood,peakedduringadolescence
andyoungadulthood,anddeclinedwithagethereafter.
Fromadolescenceonwards,menhadhigherserumzinc
valuesthandidwomen,withthegreatestdifferences
occurring among adults aged 20–40 years. In the
analysisofdataoriginallyreportedbyNHANES[58],
serumzincconcentrationsweredescribedseparately
forthreesetsofsamplescollected:(1)inthemorning
fromsubjectsinafastedstate(‘AMFasting’);(2)inthe
morningfromsubjectswhowerenotaskedtofast(‘AM
Other’);or(3)intheafternoonorevening(‘PM’).As
noted above, fasting state anddiurnal variation are
knowntoaffectserumzincconcentrations.Foreach
of the three setsof samplesgroupedby fasting state
and timeofday, themean–2SDwas considered to
representthecutofflevelbelowwhichzincdeficiency
islikely,andthesevalueswerereportedasfollows:AM
Fasting,<70µg/dl(<10.7µmol/L);AMOther,<65
µg/dl(<9.9µmol/L);andPM,60µg/dl(<9.2µmol/
L).However,theseproposedcutoffsdidnottakeinto
account theknowneffectsof age and sexon serum
zinc concentrations, as reported inprevious studies
[59,60].Therefore,NHANESIIdatafromatotalof
14,770 individualswere reanalyzed for the present
report to account fordifferences in referencevalues
basedonageandsex,aswellasfastingstatusandtime
ofdayofsamplecollection.Theresultsofthisanalysis
are summarizedhere, andwill be reported indetail
elsewhere.
After eliminating data for 1307 subjects (13,463

remaining)forwhomadequateinformationwasnot
available, eachof the fourmajor variables (age, sex,
timeofdayofbloodsamplecollection[AM,PM,or
Evening],andfastingstatus[≥8hoursfastedvs.fasting
statusunspecifiedorfasted<8hours])werefoundto
havesignificantmaineffectsonserumzincconcentra-
tion(p<0.0001;ANOVA).ItisnoteworthythatAM
fastingsampleswereonlycollected fromsubjects20
yearsandolder.Dataforanadditional1604subjects
were then excluded due to presence of conditions
havinga significant effecton serumzinc concentra-
tion,butwherethiseffectmaybeindependentofthe
subject’szincstatus.Theseconditionswere:lowserum
albumin(<3.5g/dl;p<0.01);highwhitebloodcell
count(>11.5x109/L;p<0.001);currentlypregnant
(p< 0.0001) or lactating (females 14–42 yrs. only;
p<0.05);currentuseoforalcontraceptives(females
≥13years;p<0.01),hormones(≥17years;p<0.01),
orsteroids(≥14years;p=0.059);andcurrentdiarrhea

(≤10years;p<0.05).
Data for the remaining11,857 subjectswere then

usedtodevelopsmoothedcurvesforthe2.5thpercen-
tileofAMFasting,AMOther,andPMcollectedsamples
foreachsex.Agegroupswereformedin5-yearinter-
vals,from0–4yearsupto70–74years,althoughdata
wereonlyavailableforchildren3–4yearsofageinthe
firstagegroup.Thesecurveswerethenassessedforthe
needtoestablishdifferentcutoffpointsbasedonsex,
timeofdayofsamplingandfastingstatus.Differences
equivalentto4.3µg/dlserumzincwereconsideredto
bemeaningful;thisallowsforamarginofanalyticerror
equivalenttoa5%coefficientofvariation.Basedonthe
lattercriterion,separatereferencecurvesforthe2.5th
percentilewere developed for each sex and,within
eachsex,forAMFasting,AMOther,andPM(PMand
Evening combined) sample collections (figure 2.6).
DataforEveningsampleswereincludedwiththePM
samplesasthedifferencesbetweenthesecurvesinany
agegroupweresmall.Withineachofthesecurves,age

FIG. 2.6.2.5thpercentile of serumzinc concentration for
males and females aged3–74 years, by age and collection
time/fastingstatusfromNHANESII.Symbolsrepresentthe
mid-pointforfive-yearageintervals.Curveswerefittedusing
a4thorderpolynomialfunctionforageinyears.Dataforeach
timeofdayandfastingstatusgroupareshownas:AMfasted≥
8h( );AMnon-fasted( );PM/Eveningnon-fasted( ).
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groupingswithadifferenceof>4.3µg/dlwereidenti-
fied.Thegeometricmeans±CVforthesegroupsare
givenintable2.3.The2.5thpercentiledataforthese
groupingswerethenassessedfortheneedtoestablish
different lower cutoffs by age groups.Appropriate
suggested cutoffs for assessing serumzinc status are
summarizedintable2.4.
Thelowercutoffsforboysandgirlsaged3–9years

weremerged, as thedifferencesbetween sexeswere
negligible.Although the2.5thpercentiles for serum
zinc amongmales > 65 years are lower than for
youngeradultmales,itwouldbeprudenttoapplythe
samecutoffestablishedformales<65years,giventhe
possibilitythatthedeclineinserumzincconcentration
amongmales>65 years is attributable todeclining
nutritionalstatus[61].
Collectionofmorningfastingsampleshaspreviously

beenproposedasastandardizedapproach.However,
itisrecognizedthatinlargepopulation-basedsurveys
thismaybelogisticallyverydifficultandundesirableto
implement,particularlywhereinfantsandyoungchil-
drenareincluded.Further,theremaybenoapparent
advantagetorequestingfastingsamplesinapopula-
tionsurveyintermsofreducingvariabilityofserum

zincconcentrationduetomealeffects,astheCVsfor
samplestakeninpresumablynon-fastedsamplesare
similartothosefromfastingsamples.Therefore,itis
simplyrecommendedthatthetimeofbloodcollection
andthefastingstatus(wherefastingisconsideredtobe
>8hourssincethelastmeal)ofallsubjectsberecorded
andserumzincconcentrationforthoseindividualsbe

TABLE2.3.Geometricmean±CV for serumzinc concentrationby sex, timeof collection/fasting
status,andage

Serumzincconcentration,µg/dl(µmol/L)a

geometricmean±CV

Male Agegroup(yr) 3–9 10–64 65+
AMFasting nab 98(15.0)±14%c 92(14.1)±13%
AMOther 85(13.0)±14% 94(14.4)±15% 82(12.5)±15%
PM 77(11.8)±17% 82(12.5)±15% 76(11.6)±16%

Female Agegroup(yr) 3–9 10–70+
AMFasting nab 90(13.8)±13%c

AMOther 86(13.2)±15% 86(13.2)±14%
PM 75(11.5)±15% 78(11.9)±14%

a. Conversionfactor:µmol/L=µg/dl÷6.54
b.na=notavailable
c. Basedondatafromsubjects20yearsandolderonly

TABLE2.4.Suggested lowercutoffs(2.5thpercentile) fortheassessmentofserumzinc
concentrationinpopulationstudies,derivedfromNHANESIIdata

Serumzincconcentration,µg/dl(µmol/L)a

Agegroup <10yr ≥10yr

Children

Females

MalesNon-pregnant Pregnantb

AMFastingc nad 70(10.7) 1sttrimester:
56(8.6)

2nd/3rdtri-
mester:50(7.6)

74(11.3)

AMOther 65(9.9) 66(10.1) 70(10.7)

PM 57(8.7) 59(9.0)1 61(9.3)1

a.Conversionfactor:µmol/L=µg/dl÷6.54
b.Lowercutoffsgivencontrolfortimeofday/fastingstatus
c. Basedondatafromsubjects20yearsandolderonly
d. na=notavailable
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comparedtotheappropriatecutoffvalues,asgivenin
table2.4.
Asnoted above, serumzinc concentration isnor-

mallymuch lower inwomenduring pregnancy.A
regression line for themedian serum zinc concen-
trationbymonthof pregnancy from theNHANES
IIdataindicatesadistincttrendfordecliningserum
zincconcentrationthroughoutpregnancy(figure2.7).
However,thesurveysamplesizeforpregnantwomen
islimited(n=61)and,asaresult,itisnotpossibleto
establishwithreliabilitythe2.5thpercentilefromthis
distributionforeachtimeofday/fastinggroupineach
trimesterofpregnancy.ANOVAof serumzinc indi-
catedthatthe2.5thpercentileforthefirsttrimesterwas
56µg/dl.The2.5thpercentileforthesecondandthird
trimestersdidnotdiffersignificantlyfromeachother
andthepooledvaluewas50µg/dl.
Itwasnotpossibletoderiveareliableestimateofthe

2.5thpercentileforlactatingwomenduetothelimited
amountofdataforthisgroup(n=23).Nonetheless,
the mean serum zinc concentration of lactating
womenisnotaslowasduringpregnancy.Untilfurther
referencedataareavailableforthissubgroup,itmaybe
prudenttocompareserumzincconcentrationstothe
lowercutoffsderivedfornon-pregnantwomen.
Giventherelativelylargenumberofwomeninthe

surveywhowereusingoralcontraceptiveagents,2.5th
percentileswere also estimated forwomenup to44
yearsofageinthissub-group.Womenofchildbearing
ageareahigh-riskgroupfornutrientdeficienciesand
thereforeareoftenover-sampledinsurveys.Thus,there
maybealargenumberofwomenincludedinsurveys
whoareusingoralcontraceptives.The2.5thpercen-
tilesforserumzincforthisgroupwere65,61,57,and
53µg/dlforAMFasting,AMOther,PM,andEvening
samples,respectively.However,asthehormonalcom-
positionoftheoralcontraceptivesusedbywomenin
NHANESIIisnotknown,theapplicabilityofthe2.5th
percentiletousersofdifferenttypesoforalcontracep-
tivesisuncertain.Untilfurtherreferencedataonthe
effects of a varietyof oral contraceptiveson serum
zincconcentrationareavailable,thesetentativelower
cutoffsshouldbeusedwithcaution.
Unfortunately, theNHANES II survey did not

providereferencedataforchildrenlessthan3yearsof
age.Nevertheless,afewsmallerstudieshavecollected
serumzincdatawiththeintentofestablishingpediatric
referencevaluesforyoungerchildren[60,62].However,
only the studyofhealthyAustralianpreschoolersby
Karrandcolleaguesdisaggregatedthedataforchildren
lessthan3yearsofage.Inthislatterstudy,the2.5th
percentiles for serum zinc concentration reported
were59and52µg/dlforchildren9–23months(n=
132)and24–35months(n=109)ofage,respectively,
although the timeofdayof sampling, fasting state,
or other possible confounders apparentlywerenot
consideredfordatacollectionoranalysis.Nonetheless,

the 2.5thpercentiles for the children 9–35months
of agewere similar to those reported for children
3–5 yearsof age (52µg/dl, n=226) [62] andwere
intermediatetothosefoundintheNHANESIIsurvey
forAMandPMcollected samples among children
(table 2.4). Therefore, until appropriate reference
dataareavailableforchildrenlessthan3yearsofage,
itappearsreasonabletoapplythesamelowercutoffs
presentedforthe0–5yearsagegroup,asderivedfrom
theNHANESIIdata.
Insurveysthatincludeanassessmentofserumzinc

concentration, informationonpossibleconfounding
variables(i.e.,currentinfection,pregnantorlactating,
currentuseoforalcontraceptivesorotherhormones
or steroids) shouldbenoted. Itwouldbepreferable
toavoidsamplingofsubjectswhiletheyhavecurrent
infections tominimize the confounding effects of
infection.Data forwomen in their first or second/
third trimester of pregnancymay be compared to
thesuggestedcutoffsintable2.4.Serumzincdatafor
lactatingwomenandusersoforalcontraceptives,or
otherhormones/steroids shouldbe interpretedwith
caution.

Technicalconsiderationsforcollectingandanalyzing
serumzinc

Thecollectionandpreparationofbiologicmaterials
forzincanalysisshouldbeperformedinacontrolled
environmenttoensureaccurateassessment.Contami-
nationofsampleswithadventitioussourcesofzinccan
produceerroneouslyhighresultsandseveralprecau-
tionsshouldbetakentoavoidthis.Bloodcollection,
separation,andpreparationtechniquescanalsoaffect
zincconcentrations,andthereforestandardizedmeth-
odsarealsorecommendedinthissection.

Contamination

Contaminationof blood sampleswith adventitious
sources of zincwill lead to false and inconsistent
results during analysis of zinc concentration.Every
surfacewithwhichbloodcomes intocontactduring
collection,processing,andanalysis,aswellasdustor
smokeintheair,arepotentialsourcesofcontamina-
tion.Contaminantsourcesofzinccanalsobeintro-
ducedbythetechnicianhandlingtheblood,through
sweat,fingernailsorsaliva(viasneezingorcoughing),
andtransportationofdustparticles.Specificmeasures
toavoidcontaminationaredescribedbelow.
Airborneparticulatematter isasubstantialsource

ofzinccontamination.Therefore,samplepreparation
and analysis shouldbeperformed in an adequately
controlled environment. The optimal laboratory
environmentfortraceelementanalysesisafilteredair
environment such as a laminar-flowclass-100 clean
room.However, less rigorousmethodsofproviding
acleanenvironmentandminimizingenvironmental
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sources of contamination have been found to be
acceptable.Useoflaminarflowboxesorhoodsduring
sampleprocessingisrecommended,togetherwithother
practicesforminimizingtraceelementcontamination
in laboratories, such as described by theNational
Bureauof Standards [63].More recent information
canbefoundinIyengar[64].
Allequipmentusedinbloodcollection,processing,

andstoragemustberenderedtraceelement-freeprior
touse.Commonsourcesofzinccontaminationduring
bloodsamplingincludeimproperlywashedlabware;
rubber,whichmaybeusedforplungertipsinsyringes
orstoppersforbloodcollectiontubes;lubricantsused
inbloodcollectiontubes;anti-coagulantsusedforthe
separationofplasma;pipettes,pipettetipsandstorage
containers;water,preservatives,andreagents[65–67].
Stainlesssteelneedlesareacceptableforzincanalyses.
Siliconized needles, or polypropylene or Teflon
catheters,arealsoacceptableoptions.Useofsyringes
withrubbertipplungersisnotadvisedastherubber
isasourceofcontaminantzinc.Forpopulation-based
surveys,traceelement-freeevacuatedbloodcollection
tubes that utilize siliconized, rather than rubber,
stoppersaresuggested.Polyethyleneserumseparators
withpolyethylenestoppersandolefin-oligomerhave
been recommended [64]. In general, disposable lab
ware (e.g., storage containers, pipette tips)madeof
polyethyleneorpolypropylene is recommended.For
theselectionofappropriateequipment,manufacturers
should be consulted as to which products are
consideredtobetraceelement-free.
Regardless of whether manufacturers specify

equipment to be trace element-free, samples from
each shipment should be pre-screened before use.
A recommended screening procedure is to expose
theequipmentfor24hourstosolutionsofstandard
referencematerialsforblood,serum,orplasma,with
certifiedzinccontent[64].Analysisofthesesolutions
for zinc should produce valueswithin about 5%
of the certified value to confirm that equipment is
traceelement-free.Disposablelabwarethatcontains
detectable zinc, and all other labwareused for the
analyses, should be decontaminated; a suggested
procedure is to immerse equipment for24hours in
a chelating solution such as a 10–20% solution of
ultrapure, concentratedhydrochloric ornitric acid,
1%disodiumethylene-diaminetetraacetate (EDTA),
orIsoclean[68],followedbyathoroughrinsing(3–4
times)withdistilled,deionizedwater.Acidcleaningis
preferred forgross contaminationof glassware [69].
Suggestedequipmentandproceduresforminimizing
contaminationaresummarizedintable2.5.

Samplecollection

Variation in serum zinc resultsmay be caused by
changes in intravascularpressure at the timeof the
blooddraw,whichvarieswith stress levels,position,

and venousocclusion throughuseof a tourniquet.
Intravascularpressurecausestheoutwardmovement
of fluid into interstitial space, therefore increasing
the concentration of serumproteins and zinc. To
minimizethissourceofvariation,itisrecommended
thatthesubjectisgenerallyfreeofstress,isinaseated
position,andthatthesubject’sarmisoccludedwith
a tourniquet for a standardized lengthof time (i.e.,
about oneminute).Typically blood is drawn from
theantecubitalvein.Thesubject’sskinshouldfirstbe
cleaned,preferablywithalcohol-soakedgauzepads,at
thesiteofvenipuncturetoremovecontaminantzinc
fromtheskinsurface.

Samplepreparation:serumversusplasma

Eitherserumorplasmacanbeusedfortheanalysisof
circulatingzincconcentrations.Notably,whenblood
sampleswerecollectedsimultaneouslyfromthesame
individualsandseparatedaseitherserumorplasma,the
zincconcentrationsweregreaterinserumthanplasma
[70,71].Differencesbetweenplasmaandserumappear
tobepartlydependentonthetimebetweencollection
andseparation.Plasmaiscommonlyseparatedshortly
aftercollection,butforserum,adequatetimeisneeded
toallowsamplestoclotpriortoseparation.Duringthis
clottingtime,zincmaybereleasedfromplatelets.Both
plasmaandserumsamplesshowedalinearincreaseof
6%inzincconcentrationoverthefirst2hours,after
whichonlytheplasmalevelsincreased[70].However,
this increase in serumorplasmazinc concentration
with timebefore separation is avoidable by storing
the samples under refrigeration or on ice prior to
separation[72].
Anti-coagulants,suchasheparinorEDTA,required

fortheseparationofplasmaarepotentialsourcesof
zinccontamination[73],andeachbatchmustbetested

TABLE2.5.Practicestoeliminateadventitiouszinccontami-
nationinserumzincanalysis

»Disposablepolyethylenegloves,freeoftalcorother
coatings,wornbythosehandlingbloodsamples
»Samplesprocessedinlaminarflowcleanrooms,lami-
narflowhoods,orotherwiseclean,dustandsmoke-
freelaboratory
»Stainlesssteelneedles
»Anti-coagulants(ifseparatingplasma)thatarepre-
screenedforzinc
»Traceelement-freepolyethyleneevacuatedtubes,stop-
pers,andserumseparators(shouldbepre-screenedfor
zincpriortouse)
»Pre-screenedpolyethyleneprocessingandstoragevials
»Allequipment(exceptpre-screeneddisposable
equipment)decontaminatedbywashingprocedures
(soakedfor24hoursinultrapure10–20%HClor
HNO3solutionandrinsed3–4timesindistilled,
deionizedwater)
»Allmaterialsandequipmentstoredcoveredorsealedto
avoiddust
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priortouse.Further,heparinhasbeenshowntobind
zinc selectively [74], and some anticoagulants (e.g.,
oxalate and EDTA) efficiently chelate metallic ions
so thatplasmavalueswillbe falsely low.Citrate can
alterosmoticpressureandthereforecauseschangesin
intracellularwatercontentandchangesintheapparent
concentrationofzincinplasmafollowingseparation.
Tofacilitatecomparisonamongresultsfromdifferent
studies or surveys, it is recommended that a single
anticoagulant be chosen as the standard for use in
plasmazincanalysis,andzinc-freeheparinissuggested
astheanticoagulantofchoice.

Thechoicebetweenusingserumorplasmasamples
tomeasurezincconcentrationinpopulationsurveys
mayultimatelybedeterminedaccordingtotheprefer-
enceoftheanalyticlaboratory.Ifplasmaispreferred,
heparinisrecommendedasananti-coagulantasnoted
above,butitshouldfirstbescreenedtoensureitdoes
notcontaincontaminantlevelsofzinc.Someanalysts
prefer serum to plasma, as precipitates that form in
plasmasamplescanbeproblematicduetocloggingof
theaspiratorinatomicabsorptionspectrometry.Using
serumalsoavoidsthepossibilityofcontaminationby
anti-coagulants,wherethisisaconcern.Astandardized
clottingtimeof30–40minutesisrecommended,with
sampleskeptunderrefrigerationoroniceduringthis
time. It is also noteworthy that serum samples were
used toderive thereferencedata forcirculatingzinc
concentration in NHANES II, as described above.
Therefore, analysis of serum zinc in future surveys
maybemostappropriateforcomparisontotheavail-
ablereferencedata.

During sample separation, collection tubes and
centrifugetubesshouldbeclosedwithtraceelement-
freestoppers,particularlyduringcentrifugationwhere
metal particles may be liberated. Centrifugation
procedures shouldbe adequate (e.g., 2000–3000× g
for10–15minutes)toremoveallbloodcells,asthese
containhigherconcentrationsofzincandeffectively
serveasasourceofcontamination[64].Samplesthat
areobviouslyhemolyzed(i.e.,redincolor)shouldbe
discarded,asthezincreleasedfromerythrocytesinto
theserum/plasmawillproducefalselyhighresults.

Samplestorage

Itisgenerallyrecommendedthatrefrigeration(4°C)
of plasma or serum samples is acceptable for short-
term storage (i.e., 2–3 weeks) prior to analysis. For
longerstorageperiods,samplesshouldbekeptfrozen
at –25° C or lower. In general, zinc will be stable in
frozen samples for prolonged periods. However,
long-term storage of samples before analysis can
causedehydrationof thesample,especially if“frost-
free” freezers are used. Dehydration increases the
concentrationoftheanalyteandtheuseoficecubes
inheat-sealedplasticbagsalongwiththesamplescan

beusedtopreventdehydration[75].Itisalsoadvised
tominimizetheairspaceinsampletubes.

Analytictechniques

A number of different analytic methods can be
employedforthemeasurementofzincconcentrations
in serum samples. Flame atomic absorption
spectrometry (FAAS) is most widely used. Others
include graphite furnace atomic absorption
spectrometry (GFAAS), Inductively Coupled Plasma
Mass Spectrometry (ICP-MS), Inductively Coupled
PlasmaAtomic Emission Spectrometry (ICP-AES),
Instrumental Neutron Activation Analysis (NAA),
X-Ray Spectrometry (Proton-induced emission;
PIXE), andAnodic StrippingVoltammetry (ASV).
The suitability of different analytic methods for the
analysisof serumzinchasbeenreviewed[5];FAAS,
ICP-AES,NAA,andPIXEhavethecapacitytoproduce
highprecisionresults(CV~1%),whereasGFAAShas
a lower precision (CV ~ 10%). FAAS is considered
to be the most simple and practical technique that
is suitable for use in lower-income country settings
and capable of producing accurate results with
proper staff training and application of quality
controltechniques.Ultimately,thechoiceofanalytic
technique will be dependent on the other potential
uses for the equipment, taking into consideration
the elemental analytes of interest, detection limits,
andthesamplematrix.Itisbeyondthescopeofthis
document to review each of these techniques; more
detailed information on these analytic methods and
sample preparation procedures appropriate for each
(e.g.,sampledilutionand/ordigestion)canbefound
inHerberandStoeppler[76]andIyengar[64].

The majority of current FAAS methods are direct
techniques in which the sample is diluted with
deionized water [77], aqueous acid solution (e.g.,
0.1 M HCl), organic alcohols (e.g., n-butanol or n-
propanol), or with a signal enhancing mixture [64,
78, 79]. The main purpose of dilution is to reduce
thesolidscontent,andhenceviscosity,oftheplasma/
serumsampletoequalthatofthestandardsolutions.
Differences in viscosity affect the rate of aspiration
of samples and hence will affect the FAAS readings.
Reducing the solids contentof the samples will also
prevent blockage of the burner. Approaches that
have been suggested to avoid analytic error due to
differential viscosity between samples and standards
aretouse5%aqueousglycerolsolutionasthesolvent
forthestandards[80]or,preferably,touse6%aqueous
butanolor10%aqueouspropanolasthesamplediluent
in a 5-fold dilution [64, 78]. Dilutions of between
5- and 10-fold are suggested to minimize viscosity
differences;ashighas20-foldhavebeensuggestedbut
theymaycauseaddedproblemsofweakenedsignals
and decreased precision due to pipetting errors.
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Qualitycontrolissues

Inadditiontoapplyingadequatetechnicalprecautions,
quality controlprocedures are required for accurate
assessmentsofserumzincconcentration.Thequality
ofresultsishighlydependentontheskilloftheana-
lystandthelaboratorypracticesemployedtomonitor
accuracyandprecision.
Twotypesofqualitycontrolproceduresshouldbe

used.The first is aprimary referencematerial, or a
StandardReferenceMaterial,withacertified,analyzed
mean(±SD)zinccontent.Thesestandardsshouldbe
usedtovalidatetheaccuracyofanalyticmethodology
and to assure the accuracyof results. Serum-based
referencematerials shouldbe chosen (table 2.6) for
consistencyofthematrix.Accuracycanalsobemoni-
tored throughparticipation in external proficiency
testingprograms. Secondary referencematerials, or
carefullyprepared‘in-house’or‘bench’controlssuch
asabulksampleofpooledserumshouldbeusedwith
everyruntomonitorprecision.Thesecanbeprepared
to cover the low,normal, and elevated levels in the
normal range of serum zinc concentrations. This
controlmeasureissuitableformonitoringday-to-day
variation,short-term“noise”,andlong-term“drift”or
fluctuationsoftheinstrumentreadingintheabsenceof
asignal.Inherentintheuseofqualitycontrolmeasures
istheestablishmentofstandardsortolerancelimitsfor
analyzedresults.Precisionisdeterminedthroughthe
repeatedanalysisof referencematerials,bothwithin
runsandbetweenruns,andcalculatingtheCV.ACVof
5%shouldbeattainableforzincusingatomicabsorp-
tionspectroscopy.Suggestedqualityassuranceproce-
duresandresourcesaresummarizedintable2.6.
Duetothemultiplemethodsavailableforsampling

and analyzing serum zinc, itwill be important to
employastandardmethodtoimprovethecompara-
bilityofresultswithinandamong laboratories.Rec-
ommendedstandardizedproceduresforthecollection,
preparation, andanalysisof serumzinc samples are
summarizedintable2.7.

Considerationsforsurveydesign

Samplesizedetermination

The sample size required to detect the prevalence
of low serumzinc concentrationswith a reasonable
degreeofprecision isdependent to some extenton
theanticipatedprevalenceofzincdeficiency.Whenthe
prevalenceofzincdeficiencyisanticipatedtobelow(<
5%),anarrowconfidenceintervalisdesirabletodefine
prevalencemoreprecisely.Inthiscase,alargesample
sizeisneeded.Whereahigherprevalenceisexpected,a
widerconfidenceintervalforthedistributionofresults
isacceptable,andthereforeasmallersamplesizecan
beselected.Basedonthedistributionsofserumzinc
concentrationsdeterminedintheNHANESIIsurvey,
theconfidenceintervalsandsuggestedsurveysample
sizesforexpectedlow,moderate,andhighprevalences
oflowserumzincconcentrationaregivenintable2.8.
The rangeof sample size given for each anticipated
level of prevalence reflects the range in percentage
pointsoftheconfidenceintervalsuggested.

TABLE2.6.Qualityassuranceproceduresandresourcesfor
theanalysisofserumzincconcentration

»Certifiedstandardreferencematerialsuitableforserum
zincanalysis:
Bovineserum,SRM1598;NationalInstituteof
StandardsandTechnology(NIST),Gaithersburg,
MD,USA
Animalblood,IAEA-A-13;InternationalAtomic
EnergyAssociation(IAEA),Seibersdorf,Austria

»In-houseorbenchreferencematerials,suchaspooled
serumsample:
Pooledsampleshouldbeanalyzedagainstacertified
standardreferencematerialtoestablishitszinc
content
Samplesshouldbepreparedatthelow,mid,andhigh
rangeofnormalserumzincconcentrations
Pooledsampleshouldbepreparedinalargeenough
quantitytoprovideasinglestandardoverauseful
durationoftime(e.g.,twotothreeyearsforuseina
monitoringprogramoron-goingsurvey)

»Participationinanexternalproficiencytestingprogram:
CollegeofAmericanPathologistsQualityAssurance
Service,NewYork,USA

TABLE2.7. Summaryof suggestedprocedures for serum
zincanalysis

»Employappropriatepracticesthroughouttheproce-
duretoavoidadventitioustraceelementcontamination
(table2.5).

Samplecollectionandpreparation:
»Thesubjectshouldbeseated
»Cleansubject’sskinwithalcoholatsiteoftheantecu-
bitalvein
»Restrictocclusionofsubject’sarmwithtourniquetto
about1minute
»Drawbloodusingstainlesssteelneedle,andcollectinto
traceelement-freeevacuatedbloodcollectiontubes
withoutanticoagulantforprocessingserum
»Placebloodsampleinrefrigeratororoniceandallow
toclot30–40minutes
»Centrifugebloodsampleat2000–3000×gfor10–15
minutes
»Discardanyobviouslyhemolyzedsamples
»Storesamplesfrozenunlesstheyaretobeanalyzed
immediately

Sampleanalysis:
»Dilutesample5-to10-foldinsolventssuchas6%
aqueousbutanolor10%aqueouspropanol
»ReadsamplezincconcentrationusingFlameAtomic
AbsorptionSpectrometrywithappropriatestandard
dilutions,in-housequalitycontrols,andstandard
referencematerials(table2.6)

Chapter2



S151

Dataanalysisandinterpretation

Todeterminetheproportionof thepopulationwith
lowserumzincstatus,itisfirstnecessarytogroupdata
accordingtowhethertheblooddrawnrepresented(1)
morning fasting samples; (2)morning, non-fasting
samples; or (3) afternoon samples. Based on these
groupings, the result should be compared to the
appropriatecutoffforage,sex,andphysiologicstatus
(table2.4)andclassifiedaseitherlowornormal.
Informationonexpectedprevalencesoflowserum

zincconcentrationinat-riskpopulationsissomewhat
limited.ArecentNationalNutritionSurveyinMexico
indicated that 25%of preschool and school-aged
children, and 30%ofwomenhad low serum zinc
concentrations(definedas<65µg/dlinthatsurvey)
[12]. In rural areas, theseprevalences reached40%
among children and 34% among women. Some
community-based zinc supplementation trials from
variouspopulationshavereportedprevalencesoflow
serumzinc.Examplesincludeastudyof6–24month
oldVietnameseinfants(n=163)wheretheprevalence
oflowserumzinc(definedas<70µg/dl)was~34%
atbaselineanddroppedto<10%after3monthsof
supplementationwithaconcurrentincreaseinheight-
for-ageZ-scoreamonginitiallystuntedchildren[14].
A groupof Indian children6–35monthsof age (n
=609)had aprevalenceof~36% lowplasma zinc
(defined as < 60 µg/dl) concentration at baseline
[80].Inthegroupreceivingzincsupplementsforfour
months,theprevalencewasreducedto11.6%witha
concurrentreductionintheincidenceofacutelower
respiratory infection.A group of peri-urban 6- to
8-year-oldGuatemalanschoolchildren(n=155)had
aprevalenceoflowplasmazincconcentration(defined
as<70µg/dl)of12.3%amongboysand1.5%among
girls [81]. Following3monthsof supplementation,
plasmazincconcentrationsincreasedandthechildren
demonstrated some body composition changes,
withoutimprovementsingrowthorotherfunctional
testsofzincdeficiency[82].
Althoughtheabovestudiesarenotentirelycompara-

blebecauseofdifferentsamplingtechniquesanduseof
differentcutoffpoints,theycanbeusedtosettentative
guidelines for takingactionbasedonprevalencesof

lowserumzincconcentrations.Inpopulationswitha
prevalenceoflowserumzincconcentrationslessthan
10%,zincdeficiencywouldnotbeconsideredapublic
healthconcernwarrantingnationallevelprograms.A
prevalenceofbetween10%and20% for low serum
zincvalueswarrantsfurtherassessmentofresults,as
the slightly elevated prevalence suggests that some
segmentsofthepopulationmaybeathighriskofzinc
deficiency.Programstargetedtohigh-riskgroupsmay
benecessary.Wheretheprevalenceoflowserumzinc
values exceeds20%,national levelprogramsmaybe
considered following further assessment to identify
groupsatelevatedrisk.
Prevalence rates should be examined according

topossible risk factors to identifyhigh-risk groups.
Demographic variables to assess can include age
groups, sex, location (e.g., region, district, urban/
rural), aswell as indicatorsof socioeconomic status
(section2.5).Appropriatestatisticalprocedures,such
as logistic regressionor log-linearmodels, thenmay
beusedtoidentifyassociativeriskfactorsforlowzinc
statusforpurposesofresearchorfordevelopmentof
moreintensive,targetedpublichealthprograms.

Summary

Serum zinc concentration is themostwidely used
biochemicalindicatorofzincstatus.Referencevalues
and cutoffs suitable formost individualshavebeen
suggested,takingintoaccountage,sex,fastingstatus,
andtimeofdayofsamplecollection.Adequateinfor-
mationonallfourofthelattervariablesisnecessary
so that results canbe compared to the appropriate
lowercutoffvalue.Severalphysiologicfactors,suchas
lowserumalbumin,elevatedwhitebloodcellcounts,
pregnancy,lactation,anduseoforalcontraceptivesor
otherhormones,canaffectserumzinclevelsandmust
beconsideredintheinterpretationofresults.Although
thesestatisticallyderivedlowercutoffsaresuitablefor
estimatingtheriskofzincdeficiencyinpopulations,
furtherpopulation-based studies areneeded tovali-
datethelowercutoffsagainstfunctionalindicesofzinc
deficiency.
Either serumor plasma can be used tomeasure

circulating zinc concentration. Propermeasures to
avoid contamination of sampleswith adventitious
sourcesof zinc are essential toproducemeaningful
results.Theuseofserumsamplesavoidstheneedfor
anti-coagulantsduringbloodcollection,whichcanbe
a sourceofcontamination.Forseparationof serum,
a recommended, standardizedprocedure is to allow
serumsamplestoclot,underrefrigeration,for30–40
minutes.Rigorousquality controlmeasures are also
requiredtoproduceaccurateandpreciseresults.
Forpopulation surveys, adequate sample sizes are

needed to determine the prevalence of low serum
zincconcentrationswithadesiredlevelofprecision.

TABLE2.8. Suggested confidence intervals and estimated
samplesizesforsurveysofserumzincconcentration

Prevalenceoflow
serumzincconcen-
tration

Confidence
interval

(percentage
points) Samplesize

Low(<5%) 1–2 1,825–457

Moderate(5%–10%) 2–3 865–385

Moderatelyhigh
(10%–20%)

3–4 683–307

High(>20%) 4–5 505–289
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Aprevalenceofbetween10%and20%forlowserum
zinc suggests that some segmentsof thepopulation
maybeathighriskofzincdeficiency.Wherethepreva-
lenceoflowserumzincvaluesexceeds20%,national
levelprogramsmaybeconsidered.Theassessmentof
serumzincconcentrationsshouldbecombinedwith
otherzincstatusassessmentmethods,particularlywith
dietaryzincintakedata,tostrengthentheestimatesof
riskofzincdeficiency.

2.3.3Hairzincconcentration

Thezinccontentofthehairshaftreflectsthequantity
ofzincthatwasavailabletothehairfollicleduringan
earlier time interval, sohair zinc concentrationhas
beenproposedasauseful indexof longer-termzinc
status.Duringinfancyandearlychildhood,hairzinc
concentration declines fromhigh neonatal values,
reaching aminimum at about 2–3 years [83, 84].
These trends inhair zinc concentrationsmay arise
fromagradualdepletionoftissuezincpoolsinduced
byrapidgrowth.Duringpre-pubertalyears,hairzinc
concentrationstendtoincreasefromthelowerlevels
of infancy and early childhood to reach a normal
adult value of about 150 µg/g (2.3 µmol/g) [85].
Hair zinc concentrationsdiffermarkedly according
tosex[86–88].Boyshaveconsistentlylowerhairzinc
concentrationsthangirlsofthesameage,evenwhen
foodconsumptionpatternsandenergyandnutrient
intakes are comparable. Such sexdifferences inhair
zinc concentrationsmay arise because of higher
zinc requirements forboysorbecauseofchanges in
growthhormoneandtestosteroneconcentrations[89].
Seasonaldifferencesinhairzincconcentrationshave
alsobeendescribed inapopulation inCanada[90].
Hairzincvaluestendtobelowerinthespring/summer.
Thismayresultfromseasonalchangesinlineargrowth
velocity, such that rapidperiodsofgrowth lead toa
gradualdepletionoftissuezincpools.
Significant relationships between hair zinc

concentrationsandfunctionaloutcomesofzincstatus,
suchas impairments in linearandponderalgrowth,
taste acuity and appetite, aswell as selecteddietary
zinc indiceshave frequently beenobserved [81, 84,
91–96].Theclinicalsignsofmildzincdeficiencyhave
beenassociatedwithhair zinc values in infants and
youngchildrenoflessthan70µg/g(1.07µmol/g)in
thespringorsummer[84,87]andlessthan110µg/g
(1.68µmol/g) in thewinter [90].Somestudieshave
reportedassociationsbetweenhairzincconcentration
anddietary zinc indices. For example, in adolescent
Canadian women consuming omnivorous and
vegetariandiets,highphytateintakes(r=–0.194;p=
0.03)andhighphytate:zincmolarratios(r=–0.215;
p= 0.01)werenegatively correlatedwithhair zinc
concentration [97]. Similar negative correlations
between hair zinc and phytate:zinc molar ratios

havebeenobserved inCanadian[98]andMalawian
preschool children [99]. Pregnantwomen in rural
Malawiconsumingdietswithphytate:zincmolarratios
>17(themedian)hadlowerhairzincconcentrations
thanthoseconsumingdietswithaphytate:zincmolar
ratio<17[13].
The applicationofhair zinc concentrations as an

indicatorofzincstatushasseveraladvantages,andsev-
erallimitations.Unlikeserumzinc,concentrationsof
zincinhairaremorestableandnotaffectedbydiurnal
variation,prolongedfasting,mealconsumption,and
acuteinfection.Collectionofhairsamplesislessinva-
sivethandrawingblood,andmaybemoreappropriate
insomepopulationswherecollectionofbloodisnot
culturallyacceptable,particularlyfromyoungchildren.
Unlikeblood,hairsamplesdonotneedtobeprocessed
inthefieldandrefrigerationisnotrequired.
Thelimitationsofusinghairzincconcentrationas

anindexofzincstatusincludethelimitedavailabilityof
referencedata,andsomeproblemsintheinterpretation
ofresults.Thecutoffscurrentlyusedfor infantsand
childrenmay not apply to adolescents or adults.
Controversysurroundstheinterpretationofapparently
normal or even high hair zinc concentrations in
malnourishedchildrenwithlineargrowthretardation.
This has been attributed to a reduced rate of hair
growtharisingfromalimitedsupplyofzinctothehair
follicle[100–102].Analternativeexplanationmaybe
thatthegrowthfailureinthesemalnourishedchildren
wasnot inducedbyzincdeficiencyper sebut rather
fromenvironmentalfactorssuchasparasiticinfections,
morbidity, and/or deficiencies of other growth
limitingnutrients[95].Asaresultofthereductionin
growth rate, requirements for zinc are also reduced,
resultinginapparentlynormalorevenhighhairzinc
concentrations.Therefore, althoughnormalorhigh
hair zinc concentrationsdonotnecessarily indicate
normalzincstatus,lowhairzincconcentrationswould
suggestthatzincstatusisnotoptimal.
Standardizedprocedures for collecting,washing,

andanalyzinghairsamplesareessentialinallstudies.
Samplesshouldbecollectedfromclosetotheoccipital
portionof the scalpwith stainless steel scissors, and
only the proximal 1.0–1.5 cm of the hair strands
retained for analysis.Caremustbe taken to remove
all sourcesof adventitious contamination (e.g., nits
andlice)priortowashingthehairsamplesaccording
toastandardprocedure.Anon-ionicdetergent(e.g.,
Actinox)with[102]orwithoutacetone[103]canbe
used.Hair samples canbe analyzedby instrumental
neutron activation (INA) [83] or flame atomic
absorption spectrophotometry [103].Accuracy of
theanalyticmethodscanbeassessedusingacertified
referencematerial forhumanhair(e.g.,Community
BureauofReference,CertifiedReferenceMaterial#397;
Institute forReferenceMaterials andMeasurements,
Retieseweg., B-2440Geel, Belgium).Variations in
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hairzincconcentrationsduetoage,sex,season,hair
color, hair beauty treatments, growth rate, severity
ofmalnutrition, and rateofhair growthhavebeen
described.The effectsof thesepossible confounding
factorsmust be considered in the interpretationof
results.

Summary

Due to the lackof established cutoffs formost age
groups and theuncertainties in interpreting results
amongmalnourishedchildren,theusefulnessofhair
zinc analysis inpopulation zinc status assessment is
presently limited.However,hair zinc concentrations
maybeusefulasanalternativetoserumzincdetermi-
nationswhencollectionofbloodsamplesfromyoung
children is not permitted. In this case, thepropor-
tionofyoungchildrenwithvalues less than70µg/g
(1.07µmol/g)canbeusedforsamplescollectedinthe
spring/summerandtheproportionlessthan110µg/g
(1.68µmol/g)canbeused for thosecollected in the
winter.Ahighproportionofinfantsoryoungchildren
withhairzincconcentrationsfallingbelowthesecutoffs
maybeusedtosupportadiagnosisofzincdeficiency
where it is suspected.Hair zinc concentrationsmay
beusefulfortrackingtrendsinzincstatusovertime
withinapopulation.Furtherresearchwouldbeuseful
to validate lower cutoffs for the assessmentof zinc
statusindifferentagegroupsandseasons.

2.3.4Otherbiochemicalindicatorsofzincstatus

Otherbiochemicalindicatorsofzincstatusdescribed
in this sectionare those thatare stillbeingexplored
anddeveloped,andthatmerit furtherstudyof their
usefulnessasindicatorsofzincstatus.Thesemethods
arepresented for informational purposes only, and
arenotcurrentlyrecommendedforuseinpopulation
assessments.

Enzymesandcirculatingproteins

Several zinc-dependent enzymes have been shown
tobeaffectedbyzincintakeorzincstatusinexperi-
mental animal models and human populations.
Theseincludeplasmaorserumalkalinephosphatase,
5’-nucleotidase, ribonuclease, lactic dehydrogenase,
delta-aminolevulinic aciddehydrogenase and extra-
cellular superoxide dismutase (EC-SOD). Results
havebeenhighlyvariablebetween studies andnone
of thesehasbeen shownconsistently to reflect zinc
status.Anothercommonproblemisspecificity;several
oftheseenzymes(e.g.,alkalinephosphatase)arealso
affectedbynutrientsotherthanzinc.Metallothionein
isametalstorageproteinthat ispresentinserumat
alowconcentration;thecirculatingconcentrationof
metallothioneinappearstocorrelatewithzincintake.

However,similartoseveraloftheenzymesmentioned
previouslyandtoserumzinc,metaollothioneinmaybe
affectedbyotherfactors,suchasinfectionandstress,
althoughthishasnotbeenconfirmedbydirectstudies.
Becauseoftheselimitationsandtherelativedifficulty
ofperformingtheseassaysoutsidetheresearchlabora-
tory,itispresentlyunlikelythattheywillbeusefulfor
assessmentofzincstatusatthepopulationlevel.

Cells

Cells aremore likely to reflect long-termzinc status
than the rapidly turningoverplasmapool.Various
enzymes andbindingproteins affectedby zinchave
beenmeasuredincells,suchaserythrocytes,leukocytes
andplatelets.Althoughresultshavebeenencouraging
forsomeofthese,theyhavereceivedverylittleclini-
caluseandtherearenoestablishedreferencevalues.
Another limitation is thedifficulty in separating the
cellsunder field conditions and, for leukocytes and
platelets, the large volumeofblood required,which
mayleadtodecreasedparticipationratesandelimina-
tionofinfantsandchildrenfromstudies.

Moleculartechniques

Modern molecular techniques are being used
increasingly tomeasuremRNA for proteinswhose
expression is regulatedbymetal ions, such as zinc.
Usually,quantitativereverse-transcriptasepolymerase
chain reaction assays (RT-PCR) areused, but these
require specialized equipment andprocedures that
arenot yetwidely available.MetallothioneinmRNA
inmonocytesanderythrocyteshasbeenshowntobe
affectedbyzincintake[104,105],butonlyafewstudies
havebeenperformed andourknowledge regarding
otherfactors,suchasothermetalions,infectionand
stress,thatmayaffectitsexpressionisverylimited.
DifferentialmRNAdisplay and genemicroarrays

are likely tobehelpful in identifying genes that are
specificallyalteredbyzincstatus.However,itisnotyet
knownwhether thisnew technologywill ultimately
prove suitable for assessmentof zinc statusof indi-
vidualsorpopulations.

Kineticmarkers:poolsizesandturnoverrates

Kineticstudiesofzincmetabolismprovideapowerful
means of summarizing the integratedwhole-body
responsetochangesinzincstatus.Kineticparameters,
estimatedfromacompartmentalmodel,relateshifts
inzincabsorption,excretion,cellularzincfluxes,and
the size of bodypoolswith changes in zinc intake.
Because the compartmentalmodel integrates all of
theadjustmentsinhomeostasis,subtlechangesinzinc
statusmaybedetectedwhentheresponseofasingle
measurement isnot evident. Several compartmental
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modelsofzincmetabolismhavebeendevelopedand
usedtostudykineticresponsestoseverezincdepletion
inmen[106,107],moderatechanges inzinc intakes
[108],andzincexcess[109].Parametersthatseemto
reflect changes in zinc status include the sizeof the
exchangeablezincpool(s),plasmafractionalturnover
rates,andtotalplasmazincflux.

Exchangeablezincpools(EZPs)

The zinc that is available for maintaining zinc-
dependentfunctionsisthoughttobemobilizedfrom
small,rapidlyexchangingzincpoolsfoundprimarily
intheplasmaandliver[108,109].Thesizeofthispool
canbeestimatedfromthetracer-traceedisappearance
curves using kineticmodeling software. The total
exchangeablemassvarieswiththelengthoftimeover
which thedecay curves aremeasured.For example,
if tracer disappearance is followed for 3hours, the
EZPmassisapproximately18mginhealthymen;if
thetracerdisappearanceisfollowedfor192hours,or
eightdays,itisapproximately150mgorabout10%of
thewhole-bodyzincpool.Adeclineinoneormoreof
theEZPscouldbeassociatedwithareductioninthe
zincavailableforzinc-dependentfunctions,especially
amongrapidlyturningoverproteins[110].Ifso,then
EZPmasswouldprovideagoodindicationoftissue
zincstatus.
EZPmasshasbeenmeasured in individuals freely

selecting theirdiets [108], inmen fed zinc-depleted
diets[106,111],andinpopulationswithchronically
lowzinc intakes.Among individuals freely selecting
their zinc intake, EZP mass varied directly with
dietaryzinc,bothinindividuals[108]andpopulations
[112].Also,experimentalacute,severezincdepletion
inducedinadultsbyfeedingadietproviding0.23mg
zinc/dayforfiveweeks[106]loweredtotalEZPby36%.
Plasmazincconcentrationsdeclined65%inthatstudy
suggestingthatplasmazincismoresensitivetosevere
zincdepletionthanisEZPmass.Whendietaryzincwas
reducedtoamarginallevel(4.6mg/day)inagroupof
healthymen,EZPmassdidnot change [111].Thus
totalEZPmassdoesnotappeartobeagoodindicator
ofmodestshort-termchangesinzincintake.However,
longer-termlowintakesoracutezincdepletioncausing
a reduction inwhole-body zinc content appears to
causeaconcomitantreductioninEZP.
EZPmassiscorrelatedwithfat-freemassinadults.

This is expected since zinc is an integralpartof the
proteinmass in lean tissue.Possibly,EZPwouldbe
moremeaningfulifitisexpressedintermsoffat-free
mass.Bodysizeandbodycompositionofindividuals
shouldbeconsideredwhentheEZPvaluesofindividu-
alsarecompared.

Serumzincturnoverrates

The small amounts of zinc in the serum turnover
rapidlyinthebody.Tomeettissueneeds,therateof

turnoverisexpectedtoincreasewhentotalbodyzinc
isreduced,suchasduringzincdeficiency.Thus,serum
zincturnoverratesmayserveasanindicatorofzinc
status.With acute, severe zincdepletion in a group
ofhealthymen,fractionalplasmaturnoverincreased
from~150to~200times/day,butthetotalzincflux
declined from~475 to~230mgdue to amarked
decline in plasma zinc concentrations [106]. This
declineintheamountofzincavailabletothetissues
wasassociatedwiththeonsetoftheclinicalsymptoms
of zincdepletion in thesemen.One study reported
thatthefractionalplasmazincturnoverwasreduced
inyoungwomenwithlowserumferritinlevels[113].
Itwasassumedthatwomenwithlowironstatusalso
had a lowzinc status, and that this faster fractional
zincturnoverreflectedthepoorzincstatus.Noother
indicators of zinc statuswere reported, however.
Fractionalplasmazinc turnover rateswere found to
be50%greaterinzinc-deficientEgyptiansubjectsthan
innormalcontrols[114].Theuseoffractionalplasma
turnoverratesortotalplasmazincfluxasabiomarker
ofzincstatusneedsfurthervalidationinhumans.
In summary,kineticmeasuresofEZPandplasma

zincfluxseemtoreflectchroniczincintakesofindi-
viduals andpopulations.These kinetic parameters
maybeusefulindefiningthestatusofindividualsand
populationsthathavemarginalintakesleadingtoaloss
ofwhole-bodyzinc.Asthesetechniquesarecostlyand
intensive,however,theywillnotfinduseinpopulation
assessments.Rather,findingsfromsmallclinical-based
studiesusingthesetechniqueswillcontributetoour
understandingofzinc requirements, zinchomeosta-
sis, and thedietary andphysiologic conditions that
influencezincstatus.Moreover,thesetechniquesmay
ultimatelyproveusefultovalidatenovelsimplertech-
niquestoassesszincstatusastheybecomeavailable.

2.4Functionalindicators:responseto
supplementation

Becauseofuncertainties in the interpretationof the
foregoingtechniquestoassesszincstatus,manyrecent
studieshavereliedontheidentificationofafunctional
responsetozincsupplementationasthebasisfordiag-
nosingpreexistingzincdeficiencyinthesupplemented
individuals(section1.4).Useofafunctionalresponse
to indicatedeficiencyrequiresrandomlyadminister-
ing either zincorplacebo tomembersof the target
populationandcomparing the responses in the two
groupsofsubjects.Ideally,thesubjectsareselectedto
bearepresentativesampleofa largerpopulation,so
inferencescanbedrawnforthepopulationasawhole.
Functionalresponses thathavebeenusedpreviously
includephysicalgrowth, immunefunctionandrates
of specific infections,physical activity andperform-
anceonpsychometrictests,andhormonalresponses,
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amongothers.Themajordisadvantageofusingthese
functional responses to zinc supplementation as
indicatorsofzincdeficiency is the longdelay that is
often required for the response tobedetectable and
theconsequenthighcostofthisdiagnostictechnique.
Appropriateeffortstoensurethatthesupplementsare
actually consumed contribute further to the costof
these assessments.Considerations for supplementa-
tionprogramsarecoveredinsection3.1.

2.5Socioeconomicstatusindicatorsto
identifyhigh-riskgroups

Socialandeconomicfactorsareimportantunderlying
determinantsof childhoodmorbidity,mortality and
malnutrition,includingmicronutrientmalnutrition.In
theabsenceofclinical,biochemical,ordietaryevidence
ofzincdeficiency,thegenerallevelofdeprivation,as
assessed through socioeconomic indicators, can
be useful to inform on a population’s potential
vulnerabilitytozincdeficiency.Thesesocioeconomic
indicatorscanalsobeusedtoselectpriorityareasor
sub-populations for targeting interventions.Because
oftheirunknownsensitivityandspecificity,however,
socioeconomic indicators should not be used for
themonitoring and evaluation of interventions to
address zincorothernutrientdeficiencies [115].A
fewpotentiallyuseful socioeconomic indicators are
suggestedbelow.

Maternaleducation

Maternal educationhasbeen shown consistently to
becriticallyimportantforchildhealth,nutritionand
survival[116,117].Althoughtheprecisemechanisms
bywhichmaternaleducationaffectschildoutcomesare
notfullyunderstood,evidencefromvariouscountries
indicatesthatchildcareandfeedingpracticesarekey
pathways[118–120].Thus,lowermaternaleducation
is likely to lead to inadequate child feeding,hygiene
andhealth-seekingbehaviors,whichinturnarelikely
tobeassociatedwithincreasedriskofzincdeficiency
amongchildren.Maternaleducationisalsoknownto
behighly correlatedwith socioeconomic status and
householdfoodsecurity.Becausematernalschooling
iseasiertomeasureandislesspronetorecallbiasthan
incomeorexpendituredata,itmaybeamoreuseful
overallproxyforpoverty.
Indicatorsofmaternalschoolingcouldincludethe

following:
» Ratesofilliteracyamongwomen;
» Meannumberofyearsofschooling;
» Percentageofwomenhaving completedprimary,
secondary,orhigherlevelsofschooling.
A cutoff point of 50% illiteracy amongwomen

15–44 years of age has been suggested to define

greatervulnerabilitytovitaminAdeficiency,alongwith
informationonfoodavailabilityanddietarypatterns
[115].Thiscutoffpointmayalsobeusefultopredict
vulnerabilitytozincdeficiency,althoughitisimportant
torecognizethearbitrarynatureofthisdefinition.In
situationswhere the only information available is
educationof theheadof household, it can also be
usedasanoverallpopulationlevelproxyforeducation
becausematernaleducationhasbeenshowntocorrelate
withtheeducationleveloftheheadofhousehold.

Income

Theassociationbetweenpovertyandchildnutrition
haslongbeenrecognized,andanthropometricindices
ofchildrenunder5yearsofageareoftenusedasan
indicatorofsocioeconomicdevelopment.Becausepoor
populationsoftenrelyheavilyonmonotonousplant-
baseddietslowinanimalproductsandhighinphytate
content,povertyisboundtobeassociatedwithpoor
zincstatus.Reliableincomedataarenotwidelyavail-
ablebecause they aredifficult, time-consumingand
expensive to collect.This isparticularly true among
populationsrelyingonagricultureastheirmainmeans
ofsubsistence,whichconstitutesalargeproportionof
thepoorinlower-incomecountries.Similarly,collect-
ingincomedataonindividualsinurbanpopulations
whomayhaveup to threedifferentoccupations,or
whoareself-employedorworkingininformaloreven
illegalactivities,posessimilarchallengesintheassess-
mentofincome.Foodexpendituredataareoftenused
as aproxy for income,but thesedata are also time-
consuming and expensive to collect and are subject
to recall bias. Economistshavenot yet agreedon a
simple,reliable,proxymeasureforincome,butsome
commonlyusedalternativesarelistedbelow:
» Numberofhouseholdassets(e.g.,furniture,televi-
sion,electricalappliances,vehicles,etc.);

» Valueofhouseholdassets(estimatedvalueofassets
possessedbythehousehold);

» Typeandqualityofdwelling(e.g.,whetherdwelling
isaroom,apartmentorhouse;whetherthehouseis
consideredformalorinformal;constructionmate-
rial of thewalls, roof, floor; availability ofwater
andsanitaryservices).(Becausethesevariablesare
highlycorrelated,theyaresometimescombinedinto
anindexusingfactoranalysisorotherdatareduction
approaches.);

» Availabilityof electricity (moreuseful at the com-
munitylevel,asthemajorityofhouseholdsinacom-
munityarelikelytohaveelectricityifitisavailable);

» Accesstoland(forruralareas:landownership,size
ofland,sizeofcultivatedland).

Employment

Inurbanareas,wherepopulationsarehighlydependent
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oncashincome,employmentcanbeausefulindicator
ofstandardsofliving.Itmayalsobepossibletorank
different typesof employment according to a salary
scale. For example, unskilled laborers usually have
lowerwages thanskilled laborers,and factorywork-
ershavelowersalariesthanofficeorbankemployees.
Thus,typeofemployment(sometimesreferredtoas
‘functionalgroups’)maybeusedasacrudeindicator
ofsocioeconomicstatus.Otherpotentialindicatorsat
thehouseholdlevelincludetheratioofadultsgenerat-
ingincomepercapita,andthegenderoftheheadof
household.Women-headedhouseholdsarecommonly
found in urban areas and constitute a particularly
vulnerablegroupbecausethesewomenmustassume
completeresponsibilityfortheirhouseholds’livelihood
andfoodsecurity,andtheyoftenreceivelowerwages
thandomenforthesameemployment.
Inruralareas,typeofemploymentcanbeusefulto

predictincome,butaccesstolandislikelytobemore
important in agrarian societies.Apotentiallyuseful
classification is subsistence versus cash-cropping
agriculturetoreflectdifferencesinincome.Similarly,
thespecifictypeofagriculturalproductionthathouse-
holdsareengagedinisrelevantforthezincsupplyand
producerscouldusefullybeclassifiedintothosewho
produce animalproducts (e.g., cattle-rearing, small
animalhusbandry,aquaculture)andthosewhodonot.

Accesstohealth,water,andsanitationservices

Populationswith poor access to health,water and
sanitationareatincreasedriskofinfectiousdiseases,
whichincreasestheriskofzincdeficiency.Moreremote
anddeprivedpopulationsoftenhavepooreraccessto
theseservices.Dataonthepercentageofthepopula-
tionwithaccesstohealth,waterandsanitationservices
areusuallyavailableatthenationallevelandareoften
disaggregatedattheprovincialanddistrictlevelandby
urbanandruralareas.Thetypesofindicatorstypically
availableincludetheproportionofthepopulationwith
accesstothefollowing:
» anadequateandsafewatersupply
» sanitaryservices
» healthservices

2.6Indicatorsoftheriskofexcesszinc
intake

Theclinicalsymptomsofovertzinctoxicityandthe
biochemical changes thatmay represent subclinical
zinc toxicityweredescribed indetail in section1.7
(zinc toxicity). Presently used indicators for excess
zincintakesincludebiochemicalindicatorsofcopper
status,suchasserumorplasmacopperconcentration
andsuperoxidedismutaseactivityinerythrocytes[5,
37,121].Anystatisticallysignificant,negativechange

inbiochemical indicatorsof copper statushasbeen
interpretedtobeindicativeofzinctoxicity.However,
thephysiologicsignificanceofsmallchangesinthese
indicatorshasnotbeendefined.Changes in copper
statusindicestoidentifyatoxiceffectofsupplemental
zincshouldbeevaluatedwithcautioninpopulations
whereinfectionsarecommon;supplementalzinchas
well-documented effectson reducing theprevalence
of certain infections (section1.4), and adecline in
copper status indicatorsmay reflect the shift from
elevated circulating copper concentrations that are
normallyobservedduring infections, backdown to
concentrationsnormallyobservedinanon-infectious
state [122]. In such cases, it would be preferable
to interpret changes in copper status in relation to
theproportionof cases that fall outside thenormal
referencerangeortorestricttheanalysistouninfected
individuals.Furtherresearchisrequiredinthisarea.
Although supplemental zinc (50mg zinc/day for

10weeks)hasbeenshowntodecrease ironstoresof
healthy,adultsubjects,asmeasuredbyserumferritin
[123],theuseofironstatusasareliableandspecific
indicator of excess zinc intakemaybeproblematic
inmanysettings.This in largepartwouldbedueto
the likely, frequent co-occurrence of zinc and iron
deficiencies,andthesubsequentsuitabilityofincluding
bothminerals in the same supplement formulation,
thusmaking it difficult to attribute changes in iron
statustotheintakeofsupplementalzinc.Nonetheless,
whetherzincisgivenaloneortogetherwithiron,itis
recommendedthatironstatusbemonitoredtoassure
thatnonegativeimpactonironstatusresults.
Declinesintheserumconcentrationofhighdensity

lipoproteinshavealsobeenobservedtooccurduring
zincsupplementation[124,125]andthisbiochemical
alteration may also reflect zinc toxicity. The
mechanismsfor,andpossiblepathologicalsignificance
ofthesechangesinlipoproteinmetabolismarenotwell
defined.

2.7Summary

Several factorsmust be consideredbeforedeciding
whether to initiate an intervention program to
reduce the rateof zincdeficiency andwhat typeof
program(s)mightbeappropriate.Thefirst,andmost
obvious, question iswhether zinc deficiency does,
in fact,occur in thepopulationwitha frequencyor
degreeofseveritythatshouldbeconsideredapublic
healthproblem.Unfortunately,becauseofthelackof
easilyinterpretableindicatorsofzincstatus, it isstill
difficult to classify countriesdefinitivelywith regard
totheprevalenceofzincdeficiency.Nevertheless,asan
interimmeasure,itispossibletoassessthelikelihood
that zinc deficiency is an important public health
problemby reviewing existing information on the
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adequacyofzincinthenationalfoodsupply,therate
ofstuntinginpreschoolchildren,andotherpossibly
contributing ecological factors.The suggested steps
inconductingthisassessmentaresummarizedinthe
followingparagraphsandtherecommendedresponses
tothisinformationareshowninfigure2.8.
Asdescribed in section2.2.4,when≥ 25%of the

populationisatriskofinadequatezincintake,basedon
theamountofabsorbablezincavailableinthenational
food supply, the populationmay be considered to
haveanelevatedriskofzincdeficiency.Also,because
childhood stunting seems to be zinc responsive, a
prevalenceofstunting≥20%mayindicateanincreased
likelihoodofzincdeficiency.Thus,ifacountryhas≥
25%of the population at risk of inadequate zinc
intakesbasedondatafromthenationalfoodsupply
or fromdirect assessmentsofdietary intakes, and≥
20%stuntingamongpreschoolchildren,thecountry
shouldbe considered athigh riskof zincdeficiency
(figures2.2and2.3).Bycontrast,ifthecountryhas<
15%ofthepopulationatriskofinadequatezincintakes,
and<10%prevalenceof stunting, it isunlikely that
zincdeficiencyisamajorpublichealthproblem.Those
countrieswitheithermoderateratesofstunting(≥10%,
<20%)ormoderately lowprevalenceof inadequate
zinc intakes (≥ 15%,<25%)are considered tohave
anintermediatelevelofriskofzincdeficiency.Further
evidencetosupportdeterminationofthelevelofriskin
apopulationcanbederivedfromindirectindicatorsof
zincstatus,suchasratesofiron-deficiencyanemia,or
predominantdiettypes,asdescribedinsection2.2.
The following initial assessments are recom-

mended:
» Ifacountryisdecidedlyatlowriskofzincdeficiency,
nofurtherpopulation-levelinterventionislikelyto
benecessary,althoughevaluationandtreatmentof
selectedhigh-riskindividualsmaystillbeindicated
inclinicalsettings.Segmentsofthepopulationwho
areatelevatedriskforzincdeficiencymayhaveto
beidentifiedusingmoredetailedregionalandlocal
data on indicators of zinc status; isolated groups
at elevated riskmaybedefinedby their stage of
lifecycle, placeof inhabitance (e.g., state, district,

urban/rural),socioeconomicstatus,orotherfactors
generally associatedwithdisparity innutritional
status.

» Whenacountryhasanintermediateriskofzincdefi-
ciency, furtherpopulationassessment is appropri-
ate.Inthiscase,measurementofdietaryzincintake
and/orserumzincconcentrationsinarepresentative
sampleofthepopulationisrecommended.Thiswill
allowamorecompleteassessmentofrisk,andfur-
therinformationcanbederivedtoidentifysegments
of thepopulationathighest riskand toguide the
choiceofappropriateinterventionstrategies.

» Whenacountryhasahighriskofzincdeficiency,
either further assessment is indicatedorplanning
forprogrammaticinterventionmaybeinitiated.Ifa
decisionismadetoinitiateaninterventionprogram,
furtherobjectiveassessmentisstilldesirable,sothat
baseline informationwill be available for future
comparison.
A summaryof possible indicators for assessing a

population’sriskofzincdeficiencyandthesuggested
criteriafordeterminingthemagnitudeofriskarepre-
sented in table2.9.The rangeofpossible indicators
describedreliesoneithersuggestiveinformationonthe
population’sriskofzincdeficiencyoronmoreobjec-
tivemeasuresof thepopulation’s zinc status.Using
preexistingsuggestiveinformationonthenationalrisk
ofzincdeficiency(namely,ratesofchildhoodstunting
andabsorbablezinccontentsofnationalfoodsupplies)
individualcountrieshavebeenclassifiedashavinglow,
medium,orhighriskofzincdeficiency,asshownin
appendix1.
Thereisanurgentneedtodevelopbettermethods

toassessthezincstatusofindividualsandpopulations
andtoevaluatetherelationshipsofthesebiomarkers
of zinc status toknown functional consequencesof
zinc deficiency and excess. Pending the availability
of such biomarkers, the risk of population zinc
deficiency can be inferred from ecologic evidence,
suchastheabsorbablezinccontentofthefoodsupply,
ratesofstunting,dietaryzincintakeandpossiblyrates
of anemia andotherdiseases.Research isneeded to
validatetheseproposedapproachestoclassifycountries
accordingtosuggestiveevidenceoftheirriskofzinc
deficiencyagainstothermarkersofzincstatus.With
regard todietary assessment, information isneeded
onthezincandphytatecontentsof local foods;and
simplifieddietarymethods, such as food frequency
questionnaires or other techniques, should be
developedandevaluatedwithregardtotheirabilityto
predicttheriskofzincdeficiency.Althoughreference
dataareavailableforassessingtheadequacyofserum
zincconcentrationsinrelationtomostagegroups,sex,
timeofdayandfastingstatus,additionalinformation
isstillneededonappropriatecutoffsforchildrenless
than3yearsofage,elderlypeople,andpregnantand
lactatingwomen.

Reviewsuggestive
information

Lowrisk Intermediaterisk Highrisk

Nofurther
intervention

Assessment Assessment;
Intervention

FIG.2.8.Stepsinassessmentofpopulationzincstatus
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TABLE2.9.Summaryofindicatorsfortheassessmentofzincstatusinapopulation

Indicatorcategory Measurementvariable
Variableunit
criteria

Recommended
cutofftoidentifyanele-
vatedriskofzincdeficiency

Suggestiveevidence(exist-
inghealth/ecologicinfor-
mation)

Ratesofstuntingamong
children<5years

Absorbablezinccontent
inthefoodsupply,based
onnationalFoodBalance
Sheets

Length-for-ageorheight-
for-ageZ-score<–2

Estimatedpercentof
populationwithaccessto
absorbablezincinfood
supplybelowtheweighted
meanphysiologicrequire-
ment

>20%

>25%

Dietary Adequacyofpopulation
zincintakesbasedon
dietarysurveys

Probabilityapproach:Prob-
abilityofzincintakes
belowtheEAR(table1.9)

>25%ofpopulationatrisk
ofinadequateintakes

EARcut-pointmethod:
Proportionofindividuals
withintakesbelowthe
EAR(table1.9)

>25%ofpopulationwith
inadequateintakes

Biochemical Plasma/serumzincconcen-
tration

Prevalenceoflow
concentrationscompared
toappropriateage,sex,
fastingstatus,andtimeof
daycut-off(table2.4)

>20%belowcut-off

Responsetozincsupple-
mentation

Changeinweight-for-age
orheight-for-ageZ-score
amongarepresentative
sampleofchildren

Effectsizecomparedto
appropriatecontrolgroup

>0.2SDunits;p<.05
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Once it is decided that programmatic intervention
isneeded,several factorsmustbeconsidered for the
development of suitable action. First, the evidence
forzincdeficiencyanditspublichealthimplications
shouldbeusedtomotivatethepublicandprivatesec-
tors todevelop interventionsand topromotepublic
acceptance of these actions. Based on information
derivedfrompopulationassessments,thedistribution
of zincdeficiency in thepopulationwill determine
whether there isaneedtoreachthepopulationasa
wholeandthereforeestablishnationallevelprograms,
orwhethertheproblemofzincdeficiencyisisolated
to specific high-risk groups, inwhich case targeted
interventionsmaybemoreappropriateandefficient
(section2.1).Thelevelofriskofzincdeficiencyinthe
populationwilldeterminetheurgencywithwhichthe
situationneedstobeaddressed,andhencewillinflu-
encethechoiceofinterventionstrategy,orcombination
ofstrategies.Thechoiceofinterventionstrategieswill
alsobeinfluencedbythein-countryresourcesavailable
todevelopandmaintaintheinfrastructureand/ortech-
nologynecessarytodeliverandsustaintheinterven-
tion.Thethreemajorcategoriesofnutrition-focused
zinc interventionstrategies—supplementation, forti-
fication,anddietarydiversification/modification—are
discussedinthefollowingsections.
It is clear from the resultsofnumerous zinc sup-

plementationtrialsthatawiderangeofhealthbenefits
canberealizedbyincreasingtheintakeofzincwhere
intakeswerepreviouslyinsufficient(section1.4).These
resultsarguestronglyforthedevelopmentofprograms
to improve zincnutriture inhigh-riskpopulations.
However,becauseitisunlikelythatzincdeficiencywill
occurinisolationofothernutritionaldeficienciesand
healthproblems,programstoaddresszincdeficiency
shouldbeincorporatedintomorecomprehensivenew
orexistinghealthandnutritionprogramswhenpos-
sible.Opportunitiesforlinkingzincinterventionswith
existingprogramsarediscussedinsection3.5.

3.1Supplementation

3.1.1Generalissuesofsupplementationprograms

Supplementationreferstotheprovisionofadditional
nutrients,usually in the formof somechemical (or
pharmaceutical) compound, rather than in food.
Supplementation programs are particularly useful
fortargetingvulnerablepopulationsubgroupswhose
nutritional status needs to be improvedwithin a
relatively short time period. For this reason, such
programs areoften viewed as short-term strategies.
Inmany cases,however, supplementationprograms
maybe the only effective strategy to reach specific
target groups, such as vulnerable populationswho
maynotbereachedbyfortificationprogramsdueto
lackof access toprocessed foods,or youngchildren
andpregnantwomen,whose requirements for zinc
maynot bemet, evenwith fortification or dietary
diversification/modificationprograms.Eveninhigher-
income countries, there is currently no alternative
approach forpregnantwomen than to recommend
use of iron and folate supplements. In such cases,
supplementationprogramsneed tobepursuedover
extendedperiods of time, or indefinitely. It is thus
possible that supplementationwill continue to be
the approachof choice for some subgroups of the
population and for some selectedmicronutrients,
eveninthelong-term.Ontheotherhand,forother,
lessvulnerablepopulations,targetedsupplementation
programsmayneed tobemaintainedonlyuntil the
benefits of other longer-term approaches, such as
fortificationanddietarydiversification/modification,
begintoaccrue.
For supplementation programs to be successful,

a health systemor other delivery channelmust be
abletoprovideaconsistentsupply,distribution,and
deliveryofthesupplementtothetargetedgroups,and
toencouragetheiruse.Alltoooften,supplementation
programshavefailedbecauseoftheabsenceofcom-
mitment at thenational andcommunity levels, lack
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ofsupplementsupply,poorcoverage,poorlydesigned
communicationmessages, and poor compliance.
Increasedburden to alreadyoverloadedhealth care
deliverysystemsisalsoacontributingfactor[1].Poor
complianceisakeylimitingfactorforthesuccessof
iron-supplementationprograms, andhasoftenbeen
linkedwiththeonsetofsideeffects.However,recently
ithasalsobeenattributedtoseveralimportantbehav-
ioralbarriersthatmayapplyequallywhenzincorany
othersupplementsormedicationsarerecommended
forlongperiods,suchasthroughoutpregnancy.Exam-
ples include concerns about long-termmedications
beingharmfultothebabyorresultinginabiggerbaby,
thusimposingdifficultiesduringdelivery[2].Areview
oftheWorldBank’sexperiencewithsupplementation
programssuggeststhatkeyelementsofsuccessinclude
socialmarketingeffortstoraiseawarenessandcreate
ademand,effectivetargetingofvulnerablepopulation
subgroups,increasedoutreach,andimprovedquality
ofservices[3].Furtherqualitativeresearchisrequired
to understandmore fully the complex reasons for
poor compliance in supplementation programs.
Development ofmore innovative delivery systems
andresearchtoidentifydosageschedulesandchemi-
calformsofsupplementsthatlessenanyunwantedside
effectswouldalsobeuseful.
Mostof the existing experiencewith zinc supple-

mentationisderivedfromresearchtrials;wearenot
awareofanyattemptstodeliverzincsupplementsin
ongoing, large-scale programs. Issues thatmust be
considered in thedevelopmentof supplementation
programsincludethefollowing:(1)thephysicaland
chemicalformsofthezinccompound;(2)thedosage
levelandfrequencyofadministration;(3)thepossible
inclusionofothermicronutrientsinthesupplement;
(4)theadministrationofsupplementswithorwithout
foods;(5)thepackaginganddistributionsystem;and

(6)anypossibleriskoftoxicity.Specificrecommenda-
tionsforzincsupplementationprogramsarediscussed
insection3.1.2.

3.1.2Choosingasupplementtype,dosage,
andmethodofadministration

Chemicalformofthesupplement

Thereareseveraldifferentchemicalformsofzincthat
canbeusedinsupplements.Characteristicsofavailable
chemical formsof supplements are summarized in
table3.1[4].Thecostsofsomezinccompounds($US/
kgzinc)arecomparedintable3.3,insection3.2,where
fortificationisdiscussed.
The choice of a particular chemical form should

be based on its solubility in water, intragastric
solubility,taste,cost,sideeffectsandsafety[5].Water-
soluble compounds arepreferable because they are
absorbedmoreefficiently.Anumberof studieshave
beenconducted toassess theabsorptionofdifferent
chemical formsof supplemental zinc (zinc acetate,
aminoate, ascorbate, citrate, gluconate, histidine,
methionine,oxide,picolinate and sulfate), although
resultshavebeenvariableandsometimesconflicting
intermsoftheirrelativeabsorption[6–9].Ingeneral,
water-soluble compounds, suchas zinc acetate, zinc
gluconate,andzincsulfate,areconsideredtobemore
readily absorbable than compoundswith limited
solubility at neutral pH. Some studies suggest that
zincoxideispoorlyabsorbedbecauseitslowsolubility
at thebasicpHofthesmall intestinemayprevent it
fromdissociatinginthegastro-intestinaltract[8–10].
However,thismayonlypresentaproblemwhengastric
acidity is reduced, asmay occur inmalnourished
children.Inastudyofpregnantadolescentsreceiving
prenatal supplements containing ironandelemental
zinc as oxideor sulfate, plasma zinc levels of those

TABLE3.1.Characteristicsofzinccompoundsavailableforsupplementation(adaptedfrom[4])

Compound Color Taste Odor
Solubilityinwater
(20°C)

Zincacetate White/slightlyefflo-
rescent

Astringent Slightodorofacetic
acid

Soluble

Zinccarbonate White Astringent Odorless Insoluble
Zincchloride White Astringent Odorless Soluble
Zinccitrate White Odorless Slightlysoluble
Zincgluconate White Odorless Soluble
Zinclactate White Odorless Slightlysoluble
Zincmethionine White Slightlysourand

bitter
Vanillaodor Soluble

Zincoxide White,gray,yellowish
white

Bitter,astringent Odorless Insoluble

Zincstearate White Faint Insoluble
Zincsulfateanhydrous Colorless Odorless Soluble
Zincsulfateheptahy-
drate

Colorless Astringent Odorless Soluble
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receiving the supplemental zinc oxide (25 mg
zinc) remainedat levels comparable to thoseof the
unsupplementedwomen; only those receiving the
zinc sulfate supplement (20mg zinc)had increased
plasma zinc levels [10]. Zincmethionine and zinc
histidinehavealsobeensuggested[7,11]becausethe
aminoacidligandsfacilitatezincabsorption.However,
thepossiblebenefitofimprovedzincabsorptionfrom
these compoundsmaynot justify theirhigher costs.
Moreresearchneedstobecarriedouttocomparethe
relativeabsorption,cost,andacceptabilityofvarious
zinccompoundsforuseassupplements.

Physicalformofthesupplement

For infants and small children, zinc supplements
haveoftenbeengivenintheformofaflavoredsyrup.
Chewabletabletscontainingmicronutrientswithand
withoutzinc(asaminoacidchelate)havebeenused
forschoolchildren[12].Newerformulationsprovide
tabletsthatareeitherchewableordispersibleinliquids.
Recently,zinchasalsobeenincludedinamixtureof
micronutrients provided as a high-fat spread to be
consumedaloneoraddedtocertaincomponent(s)of
theexistingdiet[13].Anotherapproachistheuseof
single-dosesachetsofdrymicronutrients(sprinkles),
orcrushabletabletsthatareaddedtofoodatthetime
ofserving.
The optimal physical form of the supplement

dependsontheageofthetargetgroup,culturalpref-
erences,andthepossibledesirabilityorneedtoinclude
additionalnutrientsinthesupplement.Youngchildren
willneed to receivea liquidpreparationorone that
caneitherbemadeintoaliquidinthehouseholdor
addeddirectlytofoods,suchasthesprinklesreferred
toabove.Incontrast,drysupplements(tablets,capsules
orpowders)arelessexpensive,morestableandpermit
inclusionofabroaderrangeofnutrients.Recenttrials
withhigh-fat,micronutrient-fortifiedspreadssuggest
thatthesemayprovideanotheroptionforsupplemen-
tationprograms,althoughmoreexperienceisneeded
to assess their acceptability, efficacy, and impacton
consumptionoftheusualhouseholddiet.

Considerationsforprovidingzincsupplementswithother
supplementalnutrientsormeals

Zinc supplements canbegivenaloneor as anaddi-
tionalcomponentofmulti-nutrientsupplements,such
asprenatalironandfolatepreparations.Thesesupple-
mentscanbeprovidedeitherwithorbetweenmeals.In
general,whenmineralsareconsumedinthefastingor
post-absorptivestate,absorptionissubstantiallygreater
becausedietarycomponents,particularlyphytate,do
notinterferewithabsorption[14].
When formulatingmulti-nutrient supplements, it

is recommended that salts that are readily absorbed
shouldbe selected toavoidantagonistic interactions
betweenzincandotherminerals.Interactionsbetween

zinc and calcium[15], zinc and iron [16], and zinc
andcopper[17,18]havebeendescribed.Whenmulti-
micronutrientsupplementsareconsumedwithfood,
thepresenceofligandsinfoodappearstominimizethe
inhibitoryeffectofnon-hemeirononzincabsorption
[19–21]andviceversa[18,22,23].Nevertheless,total
zincabsorption is likely tobegreaterwhenthesup-
plements are givenapart frommealsbecauseof the
inhibitory effectofmany foodson zinc absorption.
Interestingly,inonestudySandstrometal.[19]gave
ironandzincsupplementsinawatersolutionwithand
withoutaddedhistidine.Ironinhibitedzincabsorption
when the solution containedahigh (25:1) iron:zinc
ratio,butnotwhenhistidine,aligandknowntoassist
theabsorptionofzinc,wasaddedtothesolution.
Veryfewoftheavailablezincsupplementationtrials

haveprovideddetailsonwhetherthesupplementswere
givenwithorwithoutfood.Therefore,itisdifficultto
assesswhetherthemealsmayhaveaffectedtheefficacy
oftheinterventions.Inmanyofthestudiesofchildren,
zincsupplementsweregivenunderthesupervisionof
teachers,healthcareworkers,orfieldstaff,soitmaybe
assumedthattheyweregivenwithoutfood.However,
directcomparisonsareneededtodeterminetheimpli-
cationsofnutrient/foodinteractionsonzincabsorp-
tion,andtoassesstheefficacyofvariouszincdosage
levelsaccordingtomethodofadministration.

Frequencyofadministration

Zincsupplementsprobablyshouldbegivenfrequently,
asmost of the zinc in the human body exists in
non-labilepools (e.g.,muscle andbone) and isnot
readilyreleasedinresponsetozincdeprivation[24].
Nevertheless, someevidence suggests thatproviding
zinc supplements lessoften thanoncedailymaybe
efficacious.AsupplementationtrialamongGambian
infants, for example, provided 70mg zinc as zinc
sulfatetwiceweeklyfor1.25years[25].Asignificant
improvement inarmcircumferenceanda reduction
inmalarial incidencewereobserved.No significant
effects were observed on the biochemical indices
of zinc statusor linear growth,but it isnot certain
whether zincwas the first growth-limitingnutrient
in these infants. A supplementation trial among
Vietnameseinfantscomparedtheefficacyofdaily(5
mg)versusweekly(17mg)zincsupplements[26]ina
multi-micronutrientformulationcontainingvitaminA
andiron.Acomparablepositiveimpactofbothdosing
regimens on linear growth among initially stunted
childrenandacomparableimprovementinserumzinc
concentrationwereobserved.Thus, it is conceivable
thatthefunctionalimpactoftemporaryimprovement
ofzincstatuslastslongerthantheperiodduringwhich
therapidlyexchangeablepoolofzincisexpanded.The
onlystudytocounterthesefindingsisastudyinrats,
whichshowedthatdailyratherthanintermittentdoses
of zincwere required toproduce a growth response
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thatfullycompensatedforapreviouslydeficientzinc
intake[27].Giventhelevelofuncertaintyandpaucity
of studiesmaking direct comparisons of efficacy
betweendailyandweeklysupplements,dailyprovision
(5–7days/week)ofzincsupplementsisrecommended
atthistime.Furtherstudiesareneededtocomparethe
efficacyofdifferentdosingregimenswithzincalone,or
zincincombinationwithothernutrients.

Recommendeddailydosagelevels

The appropriate dose of supplemental zinc for the
preventionofzincdeficiency indifferentagegroups
andclinicalconditionshasnotbeenstudiedsystemati-
cally.Therefore,tentativerecommendationshavebeen
derivedbasedontheRDAforzinc(section1.6)and
withconsiderationof thedosagesused inpublished
clinical trialsofzincsupplementationinvariousage
groups.Thesuggesteddailydosagesofsupplemental
zincaresummarizedby lifestagegroupintable3.2.
Thesehavebeenplanned to avoid thepossibilityof
chronicoverdosage,asdescribedinsection1.7.
Therecommendeddosesforchildren7monthsto

3years(5mg/day),andforthosegreaterthan3years
(10mg/day),werederivedby considering theRDAs
(section1.6), theNOAELsorupper limits (section
1.7),anddosagelevelsusedinzincsupplementation
trials.Ameta-analysis of randomized, controlled
zinc supplementation trials measuring effects of
supplementalzincongrowthamongchildren6months
to10yearsofageshowedanoverallpositivegrowth
responsetozincamonggrowth-retardedchildrenwith
dosagelevelsthatrangedfrom1–20mg/day[28].There
wasnoapparentassociationbetweendosageleveland

magnitudeofthegrowthresponse,thereforesuggesting
thatthelowerzincdosagelevels,whichapproximatethe
recommendeddailyintakes,maybeequallyefficacious
ashigherdosesinpreventinggrowthretardationdue
tozincdeficiency.Foryoungchildrenrecoveringfrom
severemalnutrition(weight-for-heightZ-score<–3),a
higherdoseisrecommended(10mg/day)tocoverthe
increasedrequirementsforcatch-upgrowth.Assuming
thattissueaccretionisapproximately30g/dayand20
µg zinc is requiredper gof accrued tissue, the total
physiologic zinc requirements are approximately
doubled.Asa result, the recommendeddailydosage
levelforzincwasdoubledforyoungchildrenrecovering
frommalnutrition.Forpregnantwomen,dosesof15–
30mgelementalzincperday(generallyaszincsulfate)
havebeenusedmostfrequently(table3.2).
Asnotedintheforegoingsections,availableevidence

suggests that the absorptionof supplemental zinc is
much lower (approximately half)when givenwith
foodsorsupplemental iron thanwhenconsumed in
theirabsence.Theserecommendationsmaybemodi-
fiedupward if the supplements are designed to be
administeredwithfoods,particularlyfoodswithhigh
levelsofinhibitorsofzincabsorption,suchasphytate
(section 1.6).However, a specific recommendation
forhigherdosagelevelswhenzincsupplementsareto
begivenwithfoodorironcontainingsupplementsis
pending,asdirectcomparisonsoftheefficacyofdiffer-
entzincdosagelevelsinrelationtothemethodofsup-
plementationarecurrentlylacking.Thereispresently
very little informationon theprevalenceof copper
deficiencyinlower-incomecountrypopulations.How-
ever,inpopulationsorhigh-riskgroupswherecopper

TABLE3.2.DailydosagesofsupplementalzincbylifestagesuggestedbyIZiNCG

Age/sex

Range(median)
ofzincdoses

(mg/day)usedin
controlledtrials

Numberoftrials
represented

RDA
suggestedby
IZiNCG

(mgzinc/d)a

NoObserved
AdverseEffect

Levelsuggestedby
IZiNCG
(mgzinc/d)

Doseofzinc
supplementsrec-
ommendedby
IZiNCG(mg/day)

7–11mo 5–20(10)  9 3/5  6  5
1–3yr 5–20(10) 13 2/3  8  5
4–8yr 3–10(10)  7 3/5 14 10
9–13yr 15–18(17)  3 6/9 26 10
14–18yr,M — — 10/14 44 10
14–18yr,F — —  8/11 39 10
 Pregnancy 20–30(25)  2 11/15 39 20
 Lactation — —  9/12 39 20
≥19yr,M — — 13/19 40b 20
≥19yr,F — — 7/9 40b 20
 Pregnancy 9–45(23) 11 9/13 40b 20
 Lactation 15  1 8/10 40b 20
Severemalnutrition
(children<4yr)

5–50(40)  3 — — 10

a. RDAsformixed/refinedvegetarian,orunrefined,cereal-baseddiets,respectively
b. Representupperlimitsforzincintakes
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deficiencyissuspected,possibleadverseeffectsofzinc
supplementationoncopperstatusmaybeavoidedby
includingcopper in the supplement.Molar ratiosof
zinc:copperinthesupplementsshouldbe~10:1,up
toamaximumof1mg/dayofcopper.

3.1.3Zincsupplementationasadjunctivetherapyfor
diarrhea

Results of several randomized clinical trials have
shownconsistentlythatzincsupplementationreduces
thedurationandseverityofdiarrheainchildren[29].
Moreover,resultsofonemetabolicstudyindicatethat
thereisexcessivefecallossofzincduringdiarrhea[30].
Forbothreasons,itseemsworthwhiletoincludezinc
supplements in the treatment regimenof children
withdiarrhea,particularly in settingswhere there is
anelevatedriskofzincdeficiencyinthepopulation.
Agroupofexpertsinthemanagementofchildhood
diarrheawho participated in a recently convened
meetingonthis topicconcludedthat,“There isnow
enough evidencedemonstrating the efficacyof zinc
supplementationon the clinical courseofdiarrhea,
with regard to the severity anddurationof the epi-
sode”[31].Theyfurtherrecommendedthatzincsup-
plementationshouldbeprovidedatadoseofabout
two times theage-specificRDAperday for14days,
bothtoreducetheseverityanddurationoftheepisode
andtoreplenishexcessivezinclosses.Asnotedinsec-
tion1.8,itispossiblethatdiarrheaorotherconditions
thataffectintestinalhealthincreaseintestinallossesof
endogenous zinc, thus increasing zinc requirements.
Therefore, it isalsoconceivable thatotherprograms
topreventor treat diarrheamay reduce the riskof
zincdeficiencybydecreasingexcessive lossesof zinc
viatheintestine.

3.1.4Costofincludingzincinongoing
supplementationprograms

Given the similar requirements for frequent
administrationof supplemental iron forprevention
ofirondeficiency,andpossiblyothermicronutrients,
itwouldbemostfeasibletoincludezincinprograms
alreadydeliveringdailyorweeklynutrientsupplements.
Theonlyadditionalcosts indeliveryofsupplements
withzincincludedarethecostofthezinccompound,
additionalcostsofqualitycontrolduringsupplement
manufacturing, and additional costs ofmeasuring
program impact in terms of improved zinc status.
Basedon an average cost of zinc as zinc sulfate of
US$25.7perkg(table3.3),theadditionalcostofzinc
wouldrangefromUS$0.05–0.19perpersonperyear.
Previouslyestimatedcostsofanironsupplementation
programwereintherangeofUS$3.17–5.30perperson
per year [3].While the costofprograms toprovide
dailysupplementsneedstobeupdated,itdemonstrates

thattheadditionalcostofincludingzincinanexisting
programisminimal.Ifprogrammonitoringis tobe
included,thecost-modelforwheatflourfortification
programs(table3.4)canbeusedtoderiveanestimate.
Thishypotheticalmodelprogramwasdesignedtoreach
1,290,000preschool children and include a sample
of 1,500 children in the evaluation activities (three
surveysover5years).Thisamountstoanadditional
US$6,000per year for biochemical analysis of zinc
status.Therefore,theadditionalcostsformonitoring
zincstatusinsuchapopulationwouldamounttoless
thanUS$0.01perpersonperyear.

3.2Fortification

3.2.1Generalissuesoffortificationprograms

Foodfortificationisdefinedastheadditionofnutrients
tocommonlyeatenfoods,beveragesorcondimentsat
levelshigherthanthosefoundintheoriginalfood,with
thegoalofimprovingthequalityofthediet.Inhigher-
incomecountries,fortificationhasplayedamajorrole
inincreasingthedietaryintakeofthosemicronutrients
forwhichdeficienciesarecommonandofpublichealth
concern;thecontributionoffortificationprogramsto
thevirtualeliminationofmicronutrientdeficienciesin
thesecountriesiswidelyacknowledged[32].
Inlower-incomecountries,fortificationisincreas-

ingly recognized as an effective strategy to improve
themicronutrient statusof thepopulation.Relative
tootherapproaches,fortificationisthoughttobethe
mostcost-effectivemeansofovercomingmicronutri-
entmalnutrition[3].Programsaredesignedsuchthat
successdoesnotrequirechangesinthedietaryhabits
of the population, nor any personal contactwith
recipients.Publiceducationisstillrequired,however,to
createademandforthefortifiedproducts.Onceasuit-
ablefortificationprogramisdevelopedandestablished,
itcanbeeasilysustainable.Fortificationprogramsrep-
resentlong-termstrategiesthatmayeffectivelyprevent

TABLE3.3.Costofzinccompounds(US$)in2001

Compound
Costperkgcom-

pound Costperkgzinc

Zincacetate 10.2 28.6
Zinccarbonate 16.0 30.7
Zincchloridea 32.5 67.8
Zinccitrate 8.0 23.4
Zincgluconatea 20.9 145.6
Zincmethionine 25.4 83.4
Zincoxidea 4.5 5.6
Zincstearatea 4.9 47.4
Zincsulfatea 10.4 25.7

a. Listedby theUSFoodandDrugAdministration as“generally
regardedassafe”(GRAS)
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thedevelopmentofnutrientdeficienciesamongtheir
recipients, although fortification alonemaynot be
adequatetotreatexistingdeficiencies.
Wherethemicronutrientdeficiencyiswidelydistrib-

utedinthepopulation,universalornationallevelfor-
tificationofcentrallyprocessedfoodsisanappropriate
strategy.Anexampleofacountrywithanationwide
zincfortificationprogramisMexico,wherezincand
othermicronutrients are added towheat and lime-
processedcornfloursthatareusedinpreparingbread
andtortilla,thetwoprincipalstaplesinthecountry.In
thecasewherelargesegmentsofthepopulationatrisk
donothavereadyaccesstocentrallyprocessedfoods,
fortificationmay also be implemented at the com-
munitylevel.Withthelatterstrategyhowever,quality
assuranceandcontrolaremoredifficulttoachieve.
Targetedfortificationprogramscanbedevelopedto

increasetheintakeofzincorothernutrientsbyspecific
segmentsofthepopulationwhoareatelevatedriskof
zincdeficiency,suchasinfants,youngchildren,orpreg-
nantandlactatingwomen.Inthiscase,special-purpose
foods, such as infant cereals, otherprocessed infant
foods,orfoodsdistributedinschoollunchprograms,
canbefortifiedanddistributedormadeavailable in
theregularmarketplace.Thereareseveralexamplesof
theadditionofzinctofoodsintargetedfortification
programs. Inhigher-income countries and in some
lower-incomecountriesinfantformulas,infantcereals
andready-to-eatbreakfastcerealsarecurrentlyfortified
withzinc.SeveralLatinAmericancountries,including
Guatemala,Peru,Colombia,andMexicohaveusedor
are currentlyusing centrallyprocessed complemen-
taryfoodsforchildrenthatarefortifiedwithzincand
othermicronutrients[33].Mexicoalsohasdeveloped
afortified,milk-based,beveragemixtargetedtoward
pregnantandlactatingwomen[33].
Thegovernment,foodindustry,researchcommunity,

andconsumergroupsallplaykeyrolesindeveloping
successfulfortificationprograms;cooperationamong
these groups is extremely important for program-
maticsuccessandshouldbesoughtatanearlystage
ofprogramdevelopment.Acommitteecomprisedof
representativesofthesegroupsshouldbecreatedfor
planning,designing,promotingandregulatingthefor-
tificationprogram.Thegovernmentgenerallyplaysa
vitalroleastheinitiator,coordinator,andmonitoring
agency.Thescientificcommunityshouldbeinvolved
indeterminingtheprevalenceofzincdeficiency, the
absorption and sensory acceptability of the chosen
zinc salt, and the efficacy and effectiveness of the
zinc-fortificationprogram. If results from scientific
studiesindicatethatzincfortificationisanefficacious
and effective strategy to reduce zincdeficiency, the
government should create legislation to implement
aninterventionprogram.Thefoodindustrycanhelp
researchersindefiningfeasible,affordablefortification
strategies, in the identificationof appropriate food

vehiclesandfortificants,inthedefinition,development
andimplementationofqualityassurancesystemsand
ineducationaleffortstoreachtargetpopulations.Con-
sumergroupsareabletorepresentanyusers’concerns
regardingthesuitabilityofthefortifiedproducts.
Technicalissuesofspecificrelevancetotheinclusion

ofzincinfoodfortificationprogramsarediscussedin
section3.2.2below.Considerations for the costs of
including zinc in existing fortificationprogramsare
discussedinsection3.2.3.

3.2.2Technicalconsiderationsforzincfortification
programs

Selectionofthefoodvehicle(s)

Ideally,asizableproportionofthetargetpopulation
shouldconsumeaproposedfoodvehicleinrelatively
constantamountssothatthefortificationwillresult
inapredictableandfairlystablelevelofintakeofthe
addednutrient.Thefoodshouldbeabletobeproc-
essedinunitslargeenoughtopermitcontrolledfor-
tification,shouldnothaveanyobjectionablechanges
intaste,colororappearanceafterfortification,should
retainappropriate levelsof theaddednutrientsafter
furtherprocessingorcookingandshouldnotbecon-
sumedinamountsthatpresentariskofconsumption
oftoxiclevelsofthefortificantinanysegmentofthe
population[32].Informationderivedfromdietarysur-
veysusedintheinitialassessmentofapopulation’srisk
forzincdeficiencycanbeusedtoidentifyappropriate
foodvehiclesandusualamountsoffoodsconsumedby
differentsegmentsofthepopulationortargetgroup.
Foodvehiclesthatarecandidatesforuniversalfortifi-
cationincludestaplessuchasrice,wheat,andmaize,
orcondiments,likesalt,thatareconsumedbyalarge
proportionofthepopulation.

Selectionoftheformofzincfortificant

Thereareseveralzinccompoundsthatareavailablefor
fortification (table3.1).Of these, zinc chloride, zinc
gluconate, zincoxide, zinc stearate, and zinc sulfate
are listedby theUSFoodandDrugAdministration
as generally recognized as safe (GRAS).There isno
consensus as towhich of theGRAS compounds is
mostappropriateforfortificationprograms,especially
whengastricacidproductionisreduced,asmayoccur
morefrequentlyinlower-incomecountries.Zincsalts
varyintheirsolubilityinwaterandrangefromvery
soluble (zinc acetate, zinc chloride, zinc gluconate,
andzincsulfate),toslightlysoluble(zinccitrateand
zinclactate),toinsolubleinwater(zinccarbonate,zinc
oxide,andzincstearate).Water-solublecompoundsare
generallybetterabsorbedthanlesssolubleorinsoluble
compounds.Asmentionedabove,thechemicalform
of zinc chosen for fortificationmust not alter the
organoleptic characteristics of the final product.
Finally, the zinc compoundsmentioned above vary
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intheircost,whichshouldalsobetakenintoaccount
duringtheselection(table3.3).Zincsulfateandzinc
oxidearetheGRASsaltsthatareleastexpensiveand
mostcommonlyusedbythefoodindustry.Ofthese,
zincsulfatetheoreticallyshouldprovidemorereliable
absorptionbecauseof itsgreatersolubility,although
it ismore expensive than zinc oxide.Despite these
theoreticalconcernsaboutzincsolubility,tworecent
studies foundnodifference in zinc absorption from
wheatproductsfortifiedwitheitherzincoxideorzinc
sulfate[34,35].

Determiningthelevelofzincfortificant

Theproper level of zinc fortification is thatwhich
would increase the intake of zinc by the targeted
individuals, without imposing a risk of excessive
intakeontherestofthepopulation.TheIZiNCGSC
recommendsanintakeofnomorethan40mgofzinc
perdaybyadults.Todeterminetheappropriatelevel
offortification,itisnecessarytomeasureorestimate
the amountof the foodvehiclebeing consumedby
differentsegmentsofthepopulation.If,forexample,
adultmenandwomenconsumeameanof100gof
cereal flour/day and pre-school children consume
50 g/day, fortificationof the flourwith 60mg zinc
perkgof flourwouldprovide40%,67%,and100%
oftherespectiveRDAs,assumingthatthedietisbased
mainlyonunrefinedcereals(table1.10).Toreachdaily
zincintakesthatareconsideredexcessive,adultswould
have to consumeapproximately 667 g/dayof cereal
flourfortifiedatthislevelandchildrenwouldhaveto
consumeapproximately267g/dayofthefortifiedflour,
bothofwhichseemunlikely.Recently,participantsofa
conferenceonzincinhumanhealthconcludedthatthe
appropriatelevelsofzincfortificationofcerealstaples
generallyshouldbebetween30and70mgofzincper
kgofflour[11].

Consumeracceptabilityofzinc-fortifiedfoods

Sensorytrialsarenecessarytodeterminewhetherthe
chosenzinccompoundandleveloffortificationalter
theorganolepticqualitiesofthefortifiedproductand
toassessconsumeracceptance.Forexample,Saldamli
etal.[36]foundthatfortifyingwheatflourwith300mg
ofzincaszincacetateper100gofflourdidnotaffect
therheologicorbakingpropertiesofthewheatdough
and that the sensoryproperties of the breadswere
acceptable.Sensorytrialscanalsobeusedtocompare
organoleptic qualities and consumer acceptance of
productsfortifiedwithdifferentformsofzincandat
differentlevelsofzincfortification.Forexample,the
sensory acceptabilityofwheatproductsmade from
wheatflourfortifiedperkgofflourwith30mgofiron
asferroussulfatealone,orbothironandeither60or
100mgofzincaseitherzincsulfateorzincoxidewere
assessed[37].Theauthorsconcludedthatzinc-fortified
breadandnoodleswerewellaccepted,regardlessofthe

chemical formofzinc,evenat100mgofzinc/kgof
flour, althoughnoodles fortifiedwith iron and zinc
oxidewereslightlylessacceptablethanthosefortified
withironandzincsulfate,especiallyatthehigherlevels
ofzincfortification.

Determiningtheabsorptionofzincfromfortifiedfoods

Somepotentialfoodvehiclesmayhavehighamounts
ofinhibitorsofzincabsorption,suchasphytate,which
canaffecttheabsorptionofzincfortificantsaddedto
thesefoods.Sinceexperiencewithzincfortificationis
still limited, it isworthwhile to conduct absorption
studies,using either radioisotopesor stable isotopes
ofzinc,toquantifytheabsorptionofdifferentfortifi-
cantsusedincandidatevehiclesbeforefinalselections
of fortificantsandvehiclesaremade.Available tech-
niquestomeasurezincabsorptionaresummarizedin
appendix3.

Monitoringandevaluationissues

Once the fortification program is in place, the
effectivenessoftheprogramtoreducezincdeficiency
inthetargetgroupmustbemonitoredandevaluated.
A system should be created tomonitor changes in
population zinc status, using the same indicators
described in chapter 2.Thequality of the fortified
product alsomustbemonitoredona regularbasis,
bothattheleveloftheproductionsiteandatthepoint
ofpurchase,toensurethatitcontainsanappropriate
amount of the fortificant. General information
onmonitoring programs can be found in section
3.6. Published guidelines set formonitoring and
evaluationofironfortificationprograms[38]maybe
consultedforusefulinformationthatisalsorelevant
formonitoringzincfortificationprograms.

3.2.3Costofincludingzincinongoingfortification
programs

Estimating costs is an important step in planning
a food fortification program. Such estimatesmust
includeboth industry costs (e.g., capital investment
andrecurrentcosts,suchasthepurchaseoffortificant)
andpublicsectorcosts(e.g.,qualitycontrol,monitor-
ingandevaluation).
Zinc fortification is unlikely to occur independ-

entlyofothermicronutrient fortificationprograms.
Wheat flour is themostwidely fortified staple food
product,andironisthemostfrequentlyaddednutri-
entinlarge-scalefortificationprograms.Thecostofa
nationalprogramtofortifywheatflourwithironhas
beenestimated[32,38]andthisdetailedestimationis
usedhereasamodeltodeterminetheadditionalcosts
ofaddingzinctoanexistingprogram.
The cost of establishing a nationalwheat flour

fortificationprogramwill vary according to factors
suchasthenumberandsizeofmills,existingquality
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assurance facilities, functional regulatory and food
inspections,andthequantityofmicronutrientsbeing
added[38].Theestimatedannualcostofaprogram
thatfortifies100,000metrictons(MT)flourperyear
with66ppm(partspermillion)elementalironinthe
formofferroussulfateatonemillusingacontinuous
fortificationsystemisUS$84,455,consideringamorti-
zationofthecapitalinvestmentover10years.Inthis
example,thecostoftheironfortificantis68%ofthe
totalprogramcost.Theadditional costof including
zinc in thisprogramwillbe the costof adding zinc
fortificant in the iron premix, quality control in
production,andmonitoringandevaluation.Current
pricesofzincfortificantsintheinternationalmarket
aregivenintable3.3.Thecostforaparticularindustry
inaspecificcountryshouldincludetheproductcost
plusshippingtothecountry,importationtaxes,andthe

costoftransportationwithinthecountry.
Althoughmostcostscanbesharedwiththecostfor

qualitycontrol,monitoringandevaluationoftheiron
fortificationprogram,someadditionalcostshouldbe
addedtoaccountforthelaboratoryanalysisforboth
qualitycontroldeterminationandforzincdetermina-
tion inbiological samplesduringprogrammonitor-
ing and evaluation.The estimated additional costs,
US$4,196peryear,aredetailedintable3.4.
Table3.5providesasummaryoftheestimatedaddi-

tionalannualcostsofincludingzincinawheatflour
iron-fortificationprogramusingeitherzincoxideor
zinc sulfate as the fortificant forms.Each fortificant
typewas includedat twodifferent levels, 30 and70
ppmzinc,representingthelowerandupperlevelsof
therecommendedrangeforadditionofzincfortificant.
Thepriceofmixingthezincandironisassumedto

TABLE3.4.Estimatedhypotheticalcosts(US$)ofwheatflourfortificationwithironandzinca

Annualcostofiron
fortification

Additionalannualcost
ofincludingzinc Totalannualcosts

A.IndustryCosts
1.Capitalinvestment 820 0 820
2.RecurrentCosts
Equipment(maintenance,depreciation)
Ferroussulfatefortificantb

Zincsulfatefortificantc

Qualitycontrol

600
57,090
—
7,920

0
—

102,600
2,880d

600
57,090
102,600
10,800

Totalindustrycosts 66,430 105,480 171,910
CostperMTfortifiedwheatflour 0.66 1.05 1.72

B.StateCosts
1.Capitalinvestmentandmaintenance 2,625 0 2,625
2.Millinspectionandmonitoring(salaries&
transportation)
Laboratoryanalysisandreports(including
techniciansalaries)
Qualityassuranceandmonitoringtraining

3,500
1,000

1,500

0
96e

500 f

3,500
1,096

2,000
3.Programmonitoring(dietaryintake;travel,
perdiem,analysis,reports)

1,400 0 1,400

4.Evaluation
Travel,perdiems,andcollectionofbiological
samples
Laboratoryanalysisandreports(including
techniciansalaries)

3,000

5,000

0

3,600g

3,000

8,600

TotalStatecosts 18,025 4,196 22,221

Totalprogramcosts 84,455 109,676 194,131
CostperMTfortifiedwheatflour 0.84 1.10 1.94

a. Adaptedfrom[38]
b. Costofferroussulfate(US$8.65/kgelementaliron,includingadditional33%forshipping)addedto100,000MTwheatflourat66ppm
c.Costofzincsulfate(US$34.20/kgelementalzinc,includingadditional33%forshipping)addedto100,000MTwheatflourat30ppm
d. Additionalcostsofzincanalysis:10samplesfortificantpremix(5samplesperlot@2lotsperyear)@$4persample=$20;2analyzed
samplesperday,360dperyear@$4persample=$2,880annual(semi-quantitativeanalysisofironfromsamplestakenevery2hours
shouldservetoensurepresenceofzinconcezinccontentofpremixisanalyzed)

e.Additionalcostofanalyzingfortifiedfloursamplescollectedatmarket;onesamplepermonthanalyzedinduplicate,12months/year@
$4persample=$96

f. Anadditional50%ofthecostofqualityassuranceandmonitoringtrainingwasincludedforzincassessment.
g.Programevaluationforserumzincanalysisbasedonasampleof1,500preschoolchildren@$4persample=$6,000perassessment;
assessmentsconductedthreetimesina5-yearperiod(baseline,12–15months,and5yrpost-programinitiation)=$18,000/5-yearperiod
or$3,600annually
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benegligibleandthereforetheincreaseinthecostof
thezinc/ironpremixisdueonlytothecostofthezinc
fortificant. In the exampleof adding zinc sulfate to
provide30ppmzinc,thefortificantcostwasestimated
atUS$25.70perkgzinc(table3.3)plusanadditional
33%forshipping,givingUS$34.20perkgadditional
cost to theplant.The additional costperMT flour
(US$34.20/kg×30kgzinc/1000MT×1MT/1000kg)
isUS$1.03perMTorUS$102,600forthe100,000MT.
After accounting for quality control analyses at the
industrylevel,andcostsforequipmentandmonitor-
ingandevaluation(US$4,196),thetotalprogramcost
increases fromUS$84,455 toUS$194,131. It is clear
thatthemajorityofadditionalprogramcostsaredue
tothecostofthezincfortificant;thereforereduction
inzincfortificantpricesthatmayoccurwithincreased
demandwouldcontributesubstantiallytolimitingthe
additionalcostsofincludingzincinanexistingforti-
ficationprogram.

3.3Dietarydiversification/modification

3.3.1Generalissuesofdietarydiversification/
modificationprograms

Strategies to diversify ormodify the diet aim to
enhancetheaccessto,andutilizationof,foodswitha
highcontentofabsorbablezincthroughouttheyear.
Thesestrategiescaninvolvechangesinfoodproduc-
tionpractices,foodselectionpatterns,andtraditional
householdmethods for preparing and processing
indigenousfoods.Dietarydiversification/modification
represents a sustainable, economically feasible, and
culturally acceptable approach thatmaybeused to
improve the adequacy of dietary intakes of several
micronutrients simultaneouslywith limited risk of
antagonisticinteractions.
Dietary diversification/modification strategies

encompass awidevarietyof approaches,but all are
generally regarded as long-term strategies in terms
of development, implementation, andpotential for
impact. They are often described as a sustainable

approachbecause theprocess empowers individuals
andhouseholdstotakeultimateresponsibilityoverthe
qualityoftheirdietthroughself-productionoracquisi-
tionofnutrient-richfoodsandinformedconsumption
choices[39].Oncetheexpectedbehaviorchangesare
achieved,itisalsoexpectedthatinputswillbeminimal
asthepracticesbecomeself-perpetuatingthroughthe
naturalmechanismsofinformationsharing.Because
impactsarelikelytobeachievedonlyinthelongterm,
however,thesestrategiesshouldbeimplementedjointly
withother shorter-termapproaches, suchas supple-
mentationandfortification,asrequired,toaddressthe
needsofspecifictargetgroups.
Asdiscussed in section1.6,diets in lower-income

countries areoftenbasedpredominantlyon cereals
and legumes or starchy roots and tubers, while
consumptionoffoodswithahighcontentofreadily
absorbablezinc,suchasmeat,poultry,andfish,isoften
limitedbecauseofeconomic,culturaland/orreligious
constraints.Dietary strategies describedherein are
directedtowardimprovingintakesofabsorbablezinc,
someofwhichaimtoincreasethetotalintakeofzinc,
whereas others aim to enhance zinc absorptionby
altering the levels of food components thatmodify
zincabsorption.Somestrategiescanbeimplemented
atthelevelofagriculturalproduction,whereasothers
are directed toward community or household level
application.
Theconditionsforsuccessofdietarydiversification/

modification strategieswill vary dependingon the
specificapproachused.Forexample,newagricultural
strategiesmustnotcompromisecropyield,theymust
not involve additional costs for farmers, and they
shouldnotsignificantlyaltertheorganolepticandover-
allnutritionalqualityoftheproducts.Dietaryinterven-
tions involvingchanges inproduction,processingor
consumptionpatternsmust be practical, culturally
acceptable,economicallyfeasible,andsustainablefor
thetargetgroup.Atthehouseholdlevel,theymustnot
increasethecostorresultinincreasedtimeandwork-
loadrequiredbythecaregiver,orrequiresubstantial
changesinthetypesandquantityoffoodsconsumed.
Specificstrategiesthatmaybedirectedtoimproving

TABLE3.5.Estimatedadditionalprogramcostofaddingzinctoiron-fortifiedwheatflour

Zincsource

Costofzinc
fortificant
(US$/kg
zinc)

Plus33%
shipping
costs

Fortification
level(ppm)

Additionalcost
perMT

offlour(US$)

Additionalcost
for100,000MT

offlour

Totaladditional
cost(includ-
ingquality
controland
evaluation)a

%ofcostof
ironfortifica-
tionprogramb

Zincoxide 5.6 7.4 30 0.22 22,200 29,276 35
70 0.52 51,800 58,876 70

Zincsulfate 25.7 34.2 30 1.03 102,600 109,676 130
70 2.39 239,400 246,476 292

a. TheadditionalcostofqualitycontrolandevaluationofzincfortificationwasestimatedatUS$7,076/year
b. Thetotalcostofironfortificationof100,000MTofwheatflourwithferroussulfateat66ppm,includingqualitycontrol,monitoringand
evaluationwasestimatedatUS$84,455(adaptedfrom[38])
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totalorabsorbablezincintakesaresummarizedinthe
sectionsbelow.

3.3.2Agriculturalstrategiestoincreasetotaland/or
absorbablezinccontentinstaplefoods

Severalstrategiescanbeusedtoincreasethezinccon-
tentofplant-based staples.These include theuseof
zincfertilizersandplantbreedingandgeneticmodi-
fication techniques.Although thesemethods appear
promising,moreresearchisneededtoevaluatetheir
economic, environmental, andhealth effects before
thesestrategiescanberecommendedforimplementa-
tion.These techniques, referredtoas“field fortifica-
tion,”aredescribedbelow.

Zincfertilizers

Whenapplied to zinc-deficient soil, zinc-containing
fertilizerscanincreasethezinccontentofcerealgrains,
andthistechniqueisusedextensivelytoenhanceyields
undertheseconditions.Forexample,inTurkeythezinc
concentrationsinwheatgrains(7–12mg/kg)arewell
belowtheacceptedcriticallevelsofzincforadequate
plantnutrition,andapplicationofzinctothesoilata
rateof22kgofzincperhectareraisedthemeancon-
centrationofzincintheplantfrom8to13mg/kg[40].

Plantbreeding

Plantbreedingcanproducenewcerealvarieties that
havehighergrainzincconcentrationsthanpre-existing
wildstrainsandthatbettertoleratezinc-deficientsoils.
These zinc-efficient genotypes are alsomoredisease
resistantandhaveimprovedseedlingvigor,enhanced
germination,andahighergrainyield[41].Hence,their
usewillnotdecreasecropproductivityorincreasecosts
tofarmers.
The identificationof cropvarieties thatnaturally

containhighlevelsofspecificmicronutrientshasbeen
aidedbythegermplasmscreeningapproach.Research
has focusedon fivemain crops (rice,wheat,maize,
beans,andcassava)andonthreemicronutrients(iron,
zinc,andβ-carotene).Allcropsshowsignificantgeno-
typicvariationinmineralcontentofuptotwicethat
ofcommoncultivars.Inonestudyofricegrains,for
example,zincconcentrationaveraged24.5ppmwitha
rangeof13.5to41.6ppm[42].Therangeofgenotypic
differencesinzinc(andiron)concentrationmeasured
inmaizewasaround50%ofthemeanvalue.
Plantbreedinghasalsobeenusedtodevelopmutants

ofcorn,barley,andricewithmorethan50%reduc-
tion in levels of phytate phosphorus in the kernels
[43].A78%increase inaveragezincabsorptionwas
reported in a studyof five adultswhen fed a corn-
basedpolentadietinwhichthephytatecontentofthe
cornwasreducedby55–63%oftheparent,wild-type
variety[44].Ironabsorptionfromalow-phytatemaize

mutantwasalsoimprovedby50%(i.e.,from5.5%to
8.2%of intake) comparedwith thewild-type strain
maize[45].
Theaminoacidsmethionineandcysteineformsolu-

bleligandswithzinc,andthusenhanceitsabsorption
[46].Maizehasshownsomegeneticvariabilityincon-
tentoftheseaminoacids,thehighestbeingabout50%
abovethelowestlevels[42,47].Onlyasmallincreasein
theconcentrationoftheseaminoacidsinthedietmay
beneededtoenhancetheabsorptionofzinc(oriron),
andthereforeitisunlikelytobeaconstraintforplant
functions[47].Atthistime,thereislittleinformation
about the agronomic advantages or disadvantages
to increasing the concentrationof sulfur-containing
aminoacidsinstaplefoods.Theefficacyofthismodi-
ficationinimprovingtotalzincabsorptioninhumans
shouldbequantified in comparisonwith theother
strategiesmentionedabove.

Geneticmodification

Genetic engineeringhas recently been employed to
produce rice grains containing an increased content
ofironaswellasasignificantamountofβ-carotene
intheendosperm[48].Withadditionalresearch,this
techniquecouldbeappliedtoenhancethezinccontent
ofriceandothercerealgrains.
Geneticmodificationscanalsobeusedtoincorporate

phytase enzymes (myo-inositol hexaphosphate
phosphohydrolases) into staple crops. Thiswould
dramaticallydecreasetheirphyticacid(myo-inositol
hexa phosphate:IP6) content; phytase enzyme
hydrolyzesphosphate groups from the inositol ring
to yield intermediatemyo-inositol phosphates (bi-,
tri-, tetra-,andpenta-phosphates;[49]).Asnotedin
section2.3.1,myo-inositolphosphateswithlessthan
fivephosphategroups(i.e.,IP-4toIP-1)donotinhibit
zincabsorption[50].
Geneticmodificationcanalsobeusedtoincreasethe

levelofpromotersofzincabsorption inplant-based
staples.A gene that codes for a sulfur-richmetal-
lothionein-likeproteinhas recentlybeen introduced
into rice (Oryza sativa) to increase iron absorption
[51]; zincabsorptionwouldbeexpected to improve
simultaneously.

3.3.3Strategiestoincreaseproductionand/orintake
ofzinc-richfoods

To increase the zinc contentofdiets, small-livestock
husbandry, aquaculture, and production of other
indigenous zinc-rich foods canbepromoted,where
feasible. Education and behavior change strategies
canalsobeused,eitheraloneorincombinationwith
production activities, to promote greater intake of
zinc-richfoods.
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Smalllivestockproduction

Productionofavarietyofsmalllivestock(e.g.,guinea
pigs, poultry, rabbits, and small ruminants) canbe
promotedtoincreasetheavailabilityofthesezinc-rich
foodswithinacommunityorhousehold.Educationis
key to the successof these interventions,andefforts
mustbemadetoensurethatthelivestockproducedis
notentirelysoldforcash.Someofthefoodthatispro-
ducedshouldbereservedforhouseholdconsumption
andtargetedtothosehouseholdmembersathigherrisk
ofinadequatezincintake.Regrettably,evidencefrom
BangladeshandEthiopiasuggeststhattheincreasesin
householdincomeachievedthroughincreasedlivestock
productiondonotnecessarilytranslateintoimproved
dietaryqualityamongproducerhouseholds[52,53].
Nutritioneducationandbehaviorchangeinterventions
seem tobe essential in achievingnutritional impact
because the increases in incomemaybe invested in
basicnecessitiesorconsumergoodsother thanfood
[39].Itisalsoimportanttoensurethatsmalllivestock
arenotregardedbyproducerhouseholdsasceremonial
foods(e.g.,guineapigsinhighlandEcuador)thatare
onlyconsumedonspecialoccasions.A limitationof
thistypeofinterventionisthatanimalproductintake
issometimesconstrainedbyculturalorreligiousfac-
torsthatprohibittheirinclusioninthediet.

Aquaculture

Aquaculturemaybeamoresuitablestrategyincoun-
trieswhere economic, religious, and/or cultural fac-
torsprevent the consumptionofmeat andpoultry.
Inclusion of fish (whole) can increase the content
anddensityof zinc andothernutrients (fat, iodine,
iron,selenium,niacin,andriboflavin)inthediet.Use
ofwholedried fish ismoredesirable as it contains
morezincthanfishfleshwithoutbones[54,55]and
alsodoesnotrequirerefrigeration.Fishflourormeal
preparedfromsmall,wholedried fish, includingthe
bones, canbeused to enrich cereal-basedporridges
for infant and child feeding.Anew farmer-focused,
systems approachhas been carriedout successfully
inBangladeshandMalawiwherebyaquaculturewas
incorporated into existing farming systemswith the
minimumofinvestment[56];furtherexplorationof
thesemethodsisrecommended.Aswasdescribedfor
smalllivestockproduction,promotionofaquaculture
must also include educational efforts to ensure that
increasedproductiontranslatesintogreaterintakesby
vulnerablegroups.

Indigenouszinc-richfoods

Agronomicandgeneticimprovementshaveledtothe
development of higher-yielding genotypes of some
indigenouswildplants (e.g.,wild fruits,nuts, seeds,
leaves),aswellasvarietiesthatareresistanttodrought
orheatstress,tolerantofpoorsoils,andeasilyculti-
vatedandacceptedbylocalruralcommunities[57].In

someregions(e.g.,Korea,Vietnam,SahelinWestern
Africa,Zambia),aninventoryofcertainediblespecies
has been compiled and some analyses ofminerals
undertaken[58].Sagogrubs,whichareconsumedin
PapuaNewGuinea,andlocusts,whichareconsumedin
Malawiduringcertainseasons,arerichsourcesofzinc
[59].Moreinformationisrequiredonthecontentof
zincandzincabsorptionmodifiersinlocalindigenous
foodstoidentifythosethatmightbesuitablesources
ofabsorbablezinc.

Processedsnacks

Theabsorbablezinccontentofprocessedfoodproducts
suchaschipsornoodlescanbeenhancedbyincorpo-
ratingzinc-richfooditems,suchasdriedfish,fishliver,
andotherorganmeats.InThailand,forexample,beef
orchickenliversareusedtoenrichapopular,locally
producedsnackfoodpreparedfroma2:1mixtureof
sagoflourandtapiocaflourandprocessedbysteaming
toenhancevitaminAretention[60].

3.3.4Householdfoodprocessingmethodsto
increaseabsorbablezincinthediet

Atthehouseholdlevel,reductioninthephytatecontent
ofthedietcanbeachievedintwoways:(1)byinduc-
ingactivityofplant-associatedphytase(myo-inositol
hexaphosphatephosphohydrolases;EC3.1.3.26)and
theenzymatichydrolysisofphyticacid(myo-inositol
hexaphosphate) throughgermination, fermentation,
and soaking; and (2) viadiffusionofwater-soluble
phytatethroughsoaking.

Germination

Mostcerealgrainsandlegumescontainsomeendog-
enousphytase,but theactivityvaries among species
andvarieties.Endogenousphytaseactivity ishighin
rye andwheat,but very low inmaize and sorghum,
andisnegligibleindryordormantseeds.Germination
increasestheactivityofendogenousphytasesincereals
andlegumesasaresultofdenovosynthesisoractiva-
tionoftheenzyme,althoughtheextentofthisincrease
alsodependsonthespeciesandvariety[61].After2
to3daysofgermination,thehexa-inositolphosphate
contentofcerealsisreducedby13–53%incerealsand
23–53% in legumes [62, 63]. Soaking also activates
endogenouscerealphytases, and the levelof activity
varieswithtemperatureandpH[62].
Flourspreparedfromgerminatedgrainscanbeadded

toungerminatedflourstopromotephytatehydrolysis
duringfoodprocessing.Forexample,additionof10%
germinatedmaizeflourtomaizedoughdecreasedthe
phytatecontentofkenkey(atraditionalmaizedough
inGhana)by56%[64];evengreaterphytatereductions
canbeachieved if thesedoughsor flour slurries are
incubatedat theoptimal temperature,pH,and time
tomaximizephytase activity.A similarprocess can
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beappliedto lowerthephytatecontentofporridges
used in infantandyoungchild feeding. In this case,
useofgerminatedflourhasanaddedadvantageinthat
denserporridgescanbeprepared(e.g.,with20–28%
drymatter and a comparably higher zincdensity),
as thehighamylase contentof thegerminated flour
decreaseswater-binding capacity of the starch and
lowerstheviscosityoftheporridgetothatofaporridge
withlowerdrymattercontent(e.g.,7–10%drymatter).
Theresultisaporridgewithhigherenergyandnutrient
densityandalowerphytate:zincmolarratio.
Caremustbetakenwhenusingamylase-richfoods

to ensure that theporridges aredecontaminatedby
heatingprior touse.Germinationmay increase the
concentration ofEnterobacteriaceae, fungi,bacillus
species, etc., including potentially pathogenic and
toxinogenic species [65]. If germinated cereal grains
arenotthoroughlydriedbeforebeingmilledintoflour,
theymaybecomecontaminatedwithaflatoxin,which
isproducedbyAspergillusflavus,A.parasiticus,andA.
nomiuswhenstorageconditionsarepoor(i.e.,88–95%
relativehumidity;25–30°C)[58].

Fermentation

Fermentation can inducephytatehydrolysis via the
actionofmicrobialphytases (EC.3.1.3.8),whichcan
originateeitherfromthemicrofloraonthesurfaceof
cerealsand legumesor fromastarterculture inocu-
late [66].The levelsofphytate reduction reportedly
achievedbyfermentingcereal-basedflourslurriesor
porridges are variable,but reductionsof about50%
appear to be achievable [67].Anumber of factors
within the lactic acid fermenting systemprobably
influencemicrobialphytaseactivity,andhencethelevel
ofphytatereductionachieved,includingthetypesof
fermentingorganismspresent,pH, incubation tem-
perature,andratioofsolidstowater[68].Hightannin
contentincereals(e.g.,bullrushmillet,redsorghum)
alsoappearstoinhibitphytaseactivity[69].
Inthefuture,commercialphytaseenzymesprepared

fromAspergillusoxyzae,A.niger,orA.fumigatusmay
beavailableforhumanuse.Onlythephytaseprepared
fromA. fumigatus is heat stable, andhence canbe
incorporatedintothestaplefoodpriortocooking.The
highcostoftheseenzymesislikelytoprecludetheiruse
inmanylower-incomecountriesatthepresenttime.

Soaking

Soaking can reduce the phytate content of certain
cereals(e.g.,maizeandrice)andmostlegumesbecause
theirphytateisstoredinarelativelywater-solubleform,
such as sodiumandpotassiumphytate, andhence
canberemovedbydiffusion.Levelsofwater-soluble
phytate in legumes and cereals varywidely, ranging
fromonly10%indefattedsesamemealtoasmuchas
70–97% inCalifornia smallwhitebeans, redkidney
beans,corngerm,andsoyflakes[70,71].Removalof

water-solublephytatecanbeachievedmoreeffectively
bysoakinglegumefloursratherthanwholelegumes.*
ReductionsinIP5+IP6contentrangingfrom51–57%
havebeenachieved,whenmaizeflourissoakedandthe
excesswaterisremovedbydecanting[67].InMalawi,
amethodofsoakingpoundedmaizewasfoundtobe
wellaccepted,andanearly50%reductioninphytate
content ofmaize flourswas achieved by the rural
participants [72]. Soakingmay also remove other
antinutrientssuchassaponinsandpolyphenols.The
potentiallossofwater-solublenutrientsfollowingthis
procedureneedstobequantified.
Zincabsorptionfromcereal-basedfoodsbyhumans

has been improved by employing some of these
processingmethodstoreducephytatecontent,suchas
thefermentationofbread[73],andthegermination
andsoakingofoats[74].Animalstudieshaveshown
greater femoral zinc in rats feddiets containing fer-
mentedsoybeanmealthanthosefedregularsoybean
meal,duetotheincreaseofzincsolubilityinthesmall
intestine[75].Increasesininvitrolevelsofsolubleiron
havealsobeenreportedafterfermentingporridgespre-
pared fromwhite sorghumandmaizewitha starter
culture,withandwithouttheadditionofcommercially
preparedwheatphytaseenzyme[69].
To date, the efficacy of these interventions to

improvehumanzinc statushasnotbeenextensively
tested.One community-based intervention study
using a quasi-experimental design employed a
range of dietary strategies to increase the content
ofmicronutrients (including zinc) and to enhance
the absorptionof zinc amonga groupofMalawian
childrenwithmaize-baseddietsandahighprevalence
of stunting.The strategieswere implementedusing
formative research and includedpromotionof the
consumptionofanimalsourcefoods,notablywhole,
dried, soft-boned fish, and reductionof thephytate
contentofthemaize-basedporridges.Thelatterwas
accomplishedprimarilybysoakingmaizeflourpriorto
cooking,andalsobyencouragingthefermentationof
porridgesandtheadditionofgerminatedcerealflour
during thepreparationof theporridges [62].After
12months,whichincludedasixmonthintervention
period,Z-scoresformid-upper-armcircumferenceand
armmusclearea(p<0.001),althoughnotweightor
heightZ-scores,weregreaterintheexperimentalgroup
comparedwiththecontrolgroup.Aftercontrollingfor
baselinevariables,theincidenceofcommoninfections
was lower in intervention children compared to
controls, althoughwith no change inmalaria or
hair zinc status [76]. These results corresponded
to dietary changes in the treatment group,which
resulted in diets that supplied significantlymore
animal source foods, especially soft-boned fish,
and less phytate (p< 0.01), and in highermedian
intakes of absorbable zinc, and a reduction in the

*L.Perlas,personalcommunication.
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prevalenceofinadequatezincintakes(p<0.01)[77].

3.3.5Programmaticexperiencewithdietary
modification/diversificationstrategiestoincrease
micronutrientintakeandstatus

During the past fewdecades, home gardening and
nutrition education interventions using social
marketing techniqueshavebeenpopular food-based
strategies, especially for the control of vitaminA
deficiency[39,78,79].Morerecently,afewinnovative
programs have been designed to addressmultiple
micronutrients, including iron and vitaminC in
additiontovitaminA(seeRuelandLevin[39]).None
oftheprogramsaimingatincreasingtheproduction
and/or intakeofmicronutrient-rich foods,however,
hasspecificallyaddressedzincasatargetnutrient,even
thosefocusingonmultiplemicronutrientdeficiencies.
This opportunity should be pursued in the future.
Interventionstoincreaseproduction/intakeofanimal
sources of iron, such as small livestockproduction
andaquaculture, could alsoprovide anopportunity
for adding zinc as a target nutrient without any
additionalcosts.
Plantbreedingstrategiesarealsosuitableapproaches

for addressing ironand zincdeficiencies simultane-
ouslybecausepositivecorrelationsbetweenzincand
iron concentrations (andother traceminerals)have
been consistently foundwhen screening for genetic
variability[80].Again,addingzincasatargetnutrient
couldbeachievedatnoadditionalcost.
Programmatic experiencewith thepromotionof

homeprocessing techniques to increase absorbable
zincinthedietissurprisinglylimited,consideringthe
largeamountofliteratureshowingtheireffectiveness
inreducingphytateandinincreasingzincabsorption
in clinical studies. Several small-scale studies have
documented that amylase-rich foods improve the
nutrientdensityofthediet,andthepotentialuseful-
nessoftheseapproachesforincreasingthemicronutri-
entconcentrationofcomplementaryfoodsforyoung
infantshasbeen shown [81–83].There is, however,
littleevidenceoftheefficacyoreffectivenessofsuch
approachesforthecontrolofzincorothermicronu-
trientdeficiencies,withtheexceptionoftheMalawian
studydiscussedabove.Researchinthisareaisurgently
neededtodeterminethepotentialoftheseapproaches
to contribute to the alleviation of zinc deficiency
among vulnerable groups.There is no information
availableon the costor cost-effectivenessofdietary
modification/diversificationstrategies.

3.4Formativeresearchforprogram
planning

Formative or consultative research is an approach

thathasbeendevelopedtodesigneffectiveprograms
to improve infant andyoung child feeding [84, 85].
Theapproachhasalsobeenusedindiarrhealdisease
controlprograms [86, 87], in thedesignof vitamin
A interventions [88], including a successful social
marketing program to promote intake of vitamin
A–rich foods in Thailand [89], and in a dietary
intervention to enhancemicronutrient adequacyof
ruralMalawian diets [62]. The formative research
methodologyisbasedonthepremisethatcommunity
nutritionprogramswillbemoreeffectiveinmodifying
childfeedingpracticesandinimprovingchildnutrition
ifcommunitiesaredirectlyinvolvedintheirdesignand
formulation.Programplannersneedtounderstandthe
behaviors,practices,cultureandconstraintsfacedby
thepopulation targetedby theirprogram [84].The
methodologyinvolvesthefollowingsteps:
1. Definethekeyproblemsandpractices.
2. Identify simple and effective actionswithin the
household.

3. Test therecommendedpractices in thehomes to
determinewhichonesaremostpracticalandcul-
turallyacceptable.

4. Developaneffectivestrategyforthepromotionof
theselectedpracticesamongthetargetedpopula-
tion.
Formative research is largelybasedonqualitative

methodsadaptedfromanthropology,marketresearch,
andnutritioneducation,whichmaybecomplemented
by some semi-quantitative or quantitativemethods
as appropriate.Theultimate objective is to under-
stand“whatpeople say,believe,do,andwant todo”
[84,page1],andtousethisknowledgeforimproved
programplanningandeffectiveness.
Althoughexperienceintheuseofformativeresearch

for thedesignofmicronutrient programs is rather
limited,recenteffortsbyHelenKellerInternationalto
adoptthismethodologyforvitaminAprogramsshould
provideusefulguidelines for itsuse in thedesignof
zinc interventions [88].Theapproachcouldbepar-
ticularlyusefultodesignfood-basedinterventions,in
particularthestrategiesaimedatincreasingthecontent
ortheabsorptionofzincinthedietthroughchanges
inhouseholdpurchasing,preparation,andprocessing
techniques,orintra-householdallocationofresources.
Approachespreviouslydeveloped forusewithother
micronutrientscouldbeadaptedtoexploreavailable,
culturally acceptable, andaffordable food sourcesof
zincat thecommunity level.Forexample,adetailed
protocolwaspreviouslydeveloped to assessnatural
food sources of vitaminA at the local level, using
focused ethnographic studies [90, 91].Other inter-
ventions requiring a behavior change component,
suchaspromoting theuseof a fortifiedproduct,or
evenmotivatingthepopulationtocomplywithasup-
plementationprogram,couldalsobenefitfromusinga
formativeresearchapproachforprogramdesign.

Developingzincinterventionprograms



S176

3.5Linkingzincinterventionswithother
nutritionandhealthprograms

To reach the specific target groupswith aparticular
intervention, such as zinc supplements or educa-
tionalmessages topromotedietarymodification,an
appropriatedeliverymechanismmustbe identified.
Forexample,infantsmightbereachedthroughwell-
babyclinicsorgrowthmonitoringprogramsifthese
have suitablyhighpopulation coverage.Educational
messagesforpregnantandlactatingwomenmightbe
deliveredthroughcommunity-basedwomen’sgroups,
antenatalclinics,orreligiousorganizations.Formative
researchisgenerallyneededtoselecttheoptimaldeliv-
erymechanism.Obviously,ifasuccessfulmicronutrient
programisalreadyinprogress,itmightbemostpru-
denttolinkzincactivitieswiththeexistingprogram.
Alistingofexistinghealthandnutritionprogramsand
opportunitiesfortheinclusionofspecifictypesofzinc
interventionsissummarizedintable3.6.
Thenumberofasterisks(*)ineachcellofthistable

reflectsthepotentialofaparticularprogramtoserve
asavehicleordistributionmechanismforthreebroad
typesofinterventionstocontrolzincdeficiency.One
asterisk (*) represents a possible opportunity, but
one that is not likely to be themost effective.Two
asterisks(**)representanopportunitythathaslimited
usefulnessbecause the frequencyof exposure to the
intervention is too limitedor irregular.An example
ofthisisimmunization.Althoughtheimmunization
schedulehastheadvantageofstartingverysoonafter
birth,thusallowinganearlyfirstcontactoftheinfant
withthehealthsystem,theimmunizationscheduledoes
notallowforprovidingasupplyofzincsupplements
monthly. The same is true for other interventions
thatbringmothers to thehealthcenter infrequently,
suchasvitaminAsupplementation,whichisrepeated
onlyonceevery6months.Forzincsupplementation,
monthly contactswith the health services, such as
to receive amonthly supplyof supplements,would
be ideal, although bi-monthly provision of zinc
supplements could be similarly effective and even
more efficient by reducing the burden on health
centersimposedbymonthlydelivery.Threeasterisks
(***)aregiventointerventionsthattheoreticallybring
motherstothehealthcenteronamonthlybasis,but
highcompliancetothemonthlyschedulewouldneed
tobeachievedfor the interventiontobeanoptimal
approach for zinc supplementation. Four asterisks
(****) are given to interventions that are prime
opportunities for the particular zinc intervention
considered.Examples include iron supplementation
programs forwomen,which could easily adda zinc
supplementationcomponent.Similarly,existingfood
fortificationprograms could add zinc asoneof the
nutrients included in the fortificationprocess.The
cost implicationsof adding zinc to supplements or

food fortificationprogramshavebeendiscussed in
sections3.1.4and3.2.3,respectively.
Educationinterventionstopromoteincreasedzinc

intakeor theuseofhomeprocessing techniques to
increasezincabsorptioncanbeincludedinanynutri-
tionorhealtheducationprogramcurriculum.Itispar-
ticularlyrelevantinthecontextofprogramspromoting
exclusivebreastfeeding andoptimal complementary
feedingpracticesforyounginfants.Insituationswhere
effectiveprenatalcareprogramsareinplaceandbring
mothers in frequent contactwith thehealth system,
increasedzincintakecouldalsobepromotedamong
mothersandtheirfamilies.
Finally,agriculturalprogramscombiningincreased

productionofanimalproductsandeducationtopro-
motegreaterintakebyvulnerablegroupsaretheideal
mechanismtotargetmultiplemicronutrients,includ-
ingzinc,atlittleadditionalcost.

3.6Evaluationofzincinterventions:
surveillanceandmonitoring

Monitoringandevaluationareessentialcomponentsof
interventionprogramsandthusshouldbeintegrated
intotheoverallprogramstrategydevelopment.Moni-
toringandevaluationarekeytoensuringthatprograms
are implemented asplanned, that they are reaching
theirtargetpopulationinacost-effectivemanner,and
thattheyarehavingtheexpectedimpact.
Evaluative research has been defined as the sys-

tematic collection of information on the design,
implementation, and effect of projects on targeted
populations[92].Monitoringisusuallyreferredtoas
thecomponentofevaluativeresearchthataddressesthe
implementationaspectsofaprogram,whereasevalua-
tionisconcernedwiththeprogram’seffectsorimpacts.
Becausetheirobjectivesaredifferent,monitoringand
evaluationrequiredifferentmethodologicapproaches,
althoughmanyofthegeneralconceptsrelatedtothe
selectionofdesignsandindicatorsapplytoboth.

Monitoring implies the continuous collection and
review of information on project implementation
activities, coverage and use,which can be used to
re-designorre-orienttheprogramandtostrengthen
itsimplementationandthequalityofservicedelivery
in anongoing fashion.Amonitoring systemcanbe
used to assess service provision (availability, acces-
sibility, andquality), utilization, coverage, and cost
[93].Morespecifically,monitoringcanhelpassessthe
following[94]:
» deliveryoftheserviceorintervention(whetheror
notitisdelivered)

» timelinessofservicedelivery
» qualityofservicedelivery
» coverageof the intervention (thedegree towhich
targetedindividualsandcommunitiesarereached)
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» appropriatenessoftheinterventionandthelevelof
useoftheservicesbythetargetedpopulations

» costsofimplementation
» overalleffectivenessofimplementationofthedifferent
activities(whethertheactualimplementationfollows
theimplementationplan)

Evaluationseekstodeterminetheextenttowhichthe

project goals andobjectiveshavebeenachievedand
whethertheinterventionishavingtheexpectedimpact
onthetargetedpopulation.Clearly,inordertoachieve
impact,programperformancemustbeachieved,and
thisshouldbeensuredthroughaneffectivemonitor-
ingsystem.

TABLE3.6.Opportunitiesforlinkinginterventionstocontrolzincdeficiencywithexistingmaternalandchildhealthand
nutritionprograms

Maternalandchildhealth
andnutritionprograms

Opportunitiesforlinkingwithinterventionstocontrolzincdeficiency

Supplementation Fortification
Dietarydiversification/

modification

Childhealthandnutrition(prevention)

Malariacontrol(bednets,
education,prophylaxis
drugs)

contactswithhealthservices
maybetooinfrequentand
irregular*

combinededucationpro-
grams*

Immunization mayallowearlyexposureto
healthservicesduringfirst
fewmonthsoflife**

Growthmonitoring/well-
babyclinic

goodvehicleifonce/
month***

educationaspartofgrowth
monitoring***

Educationandbehaviorchangeinterventions

Promotionofexclusive
breastfeeding

mayallowearlyexposureto
healthservices**

promotionofexclusive
breastfeedingisan
excellentfood-based
strategyforchildren0–6
months****

Educationoncomplemen-
taryfeedingpractices

timelybecauseofincreased
needsofinfantsfrom
6monthsofage**

excellentforpromotingthe
useofprocessed,fortified
complementaryfoods,if
availablelocally****

excellentforthepromotion
ofhomepreparationand
processingtechniquesto
increasezinccontentand
absorption****

Hygiene,preventionofill-
nesses

maybetooinfrequentor
irregular*

educationregardingfer-
mentation(improvedzinc
absorption/diarrheapre-
vention)*

Controlandtreatmentof
infectiousdiseases

maybetooinfrequentor
irregularforprophylaxis*
opportunitytoincludezinc
intreatmentregime***

Deworming maybetooinfrequentor
irregular;possibletopro-
videshortertermsupply
(e.g.,1–2months)*

VitaminAcapsulesdistri-
bution

tooinfrequent:every6
months*

Ironsupplementation excellent:zinccanbe
includedinsupple-
ment****

Fooddistributionprograms goodopportunityifonce
permonth***

excellentopportunityto
fortifywithzinciffood
donationsarefortified
locally****

continued
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Selectingevaluationdesignsandindicators*

Although the distinction betweenmonitoring and
evaluation is useful fromaprogrammatic point of
view, this sectionwill use the general term“evalua-
tion”because theprinciplesdescribedapply toboth
monitoringandevaluationdesigns.
Twomainquestionsmustbeaskedwhenselectingan

evaluationdesign:Whatisthepurposeoftheevalua-

tion?Andwhatisthelevelofprecisionneededbythe
usersoftheinformation?

Purposeoftheevaluationandappropriateindicators

The specificpurposeof the evaluation,orwhat the
evaluationintendstomeasure, is thefirstconsidera-
tioninthechoiceofanevaluationdesign.Forexample,
resultsofevaluationscanbeused tomakedecisions
aboutwhetherornottocontinueaprogram,expand
it,modifyand/orstrengthenit,ordiscontinueit.
Habicht,Victora,andVaughan[95]classifyevalua-

Childhealth(curative)

TreatmentofARI opportunitytotreatsevere
zincdeficiency*

Treatmentofdiarrhea treatmentshouldinclude
zinc***

TreatmentofseverePEM opportunitytotreatsevere
zincdeficiency***

Maternalhealth,nutritionandcare

Prenatalcare timely,butmaybeinfre-
quent**

ifcontactsarefrequent
enough,canbeagood
vehicleforeducation**

Preventionandcontrolof
iron-deficiencyanemia
(supplementation)

supplementationprograms
canincludezinc****

Familyplanning,reproduc-
tivehealth

maybetooirregularand
infrequent*

VitaminAsupplementation tooinfrequent:every6
months;possibletopro-
videshortertermsupply
(e.g.,1-2months)*

Schoolgirls/adolescentgirls
nutritionandhealthpro-
grams

dependsonthenatureof
theprogram*

Schoolfeedingprograms
(foodforeducation)

goodvehicleforsupple-
mentation****

canbeagoodvehiclefor
distributionoffortified
foods****

canincreasezincintake,
dependingonfoodspro-
videdandmenu****

Other

Foodfortification(ofsta-
ples)

zinccanbeincluded****

AIDSprevention dependingonfrequencyof
exposure*

Agricultureprograms(e.g.,
promotionofanimal
products[fishponds,
smalllivestock])com-
binedwitheducation

opportunitytopromote
homeproductionand
intakeofanimalprod-
ucts****

TABLE3.6.Opportunitiesforlinkinginterventionstocontrolzincdeficiencywithexistingmaternalandchildhealthand
nutritionprograms(continued)

Maternalandchildhealth
andnutritionprograms

Opportunitiesforlinkingwithinterventionstocontrolzincdeficiency

Supplementation Fortification
Dietarydiversification/

modification

*ThissectiondrawsextensivelyontheworkofHabicht
andcollaborators[93,95].
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tionobjectivesintofourcategories:provision,utiliza-
tion,coverage,andimpact.Relativetothedistinction
madepreviouslybetweenmonitoringandevaluation,
thefirstthreeobjectiveswouldrefertomonitoringand
thefourthonetoimpactevaluation.Afifthobjective

couldbeaddedtothislist:evaluationofthecostofthe
program.Examplesofindicatorstoaddressthesefive
objectivesforthethreemaintypesofinterventionsto
addresszincdeficiency(supplementation,fortification,
dietarymodification)arepresentedintable3.7.

TABLE3.7.Examplesofindicatorsthatcanbeusedfordifferentevaluationpurposesanddifferenttypesofinterventionsfor
thecontrolofzincdeficiency

Objectiveofevaluation

Typesofinterventionsforthecontrolofzincdeficiency

Supplementation Fortification

Dietarymodification
(Education,homeprocessing
andproductioninterventions)

Provisionand
availabilityofservices

Numberofprogramsorfacil-
itiesofferingsupplements
Numberofsupplements
availablefortargetpopula-
tion

Numberoffoodproducts
fortified
Numberofmarketswithfor-
tifiedproductsavailable

Numberofeducationses-
sionsprovided
Numberofinputsdistributed
topromotesmallanimal
husbandryorfishponds

Accessibilityofservices %ofthepopulationlivingat
reasonabledistancefrom
distributionpoint

%ofthepopulationwith
accesstomarketswherefor-
tifiedproductsareavailable

%ofthepopulationwho
couldbereachedbyeduca-
tionordistributionofinputs

Qualityofservices %stafftrainedininter-
vention(importanceof
zinc,vulnerablegroups,
supplementationdosage,
schedule)

Qualitycontrolofproduct:
leveloffortification,stabil-
ityduringstorage

Qualityoftheeducation,
communication,behavior
change:
Numberofstafftrained,
durationoftraining,
knowledgeofstaff
Durationandintensityof
educationsessions
Qualityofinputsprovided,
amountandqualityof
educationprovidedwith
productionintervention

Utilizationofservices
bytargetedpopu-
lation

Numberofindividuals
comingtoreceivesupple-
ments

Numberoffamilieswhopur-
chasefortifiedproductin
sufficientamounts
Numberofindividualswho
receivefortifiedproduct
withregularfrequency

Numberoffamilieswhohave
heardmessagesorattended
educationsessions
Numberoffamilieswhohave
receivedandusedproduc-
tioninputs

Coverageofthetar-
getedpopulation

%at-riskindividualswho
takesupplementswithrec-
ommendedfrequency

%ofat-riskpopulationcon-
sumingsufficientamounts
andrightfrequencyoffor-
tifiedproduct

%ofat-riskpopulationwho
havereceivededucationand
otherinputs

Impactonthetargeted
population

Assessmentofchangesin
biochemical,clinical,func-
tionalindicatorsofzinc
deficiencyintargetedindi-
viduals

Amountsandfrequencyof
intakeoffortifiedproduct
bytargetedindividuals
Changesinbiochemical,
clinical,functional
indicatorsofzincdeficiency
intargetedpopulation

%oftargetedpopulation
withincreasedknowledge
%oftargetedpopulation
whoadoptedrecommended
practicesorproduction
activity
Changesinamountoffood
(animals,fish)produced
and/orconsumed
Changesinamountandfre-
quencyofintakeofsources
ofbioavailablezinc
Changesinbiochemical,
clinical,functional
indicatorsofzincdeficiency
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Forallthreetypesofprograms,theindicatorsused
toassesstheprovisionofservicesrefertooperational
issues suchaswhether theprogram isproviding the
inputs and services in a timely fashion to the right
population andwith adequatequality.To assess for
coverage,theindicatorsshouldreflectwhatpercentage
ofthetargetedpopulation(basedonneedandvulner-
ability)actuallyreceivestheinterventionasplanned,
and for service utilization, appropriate indicators
includethepercentageofthepopulationwhoactually
usetheinputsprovided.
Impactindicators,inthecaseofzincinterventions,

canincludefinaloutcomessuchasbiochemical,clini-
cal, and functional signsof zincdeficiency,or inter-
mediaryoutcomessuchaschangesinknowledgeand
attitudes,changesindietaryintakesofzincorzinc-rich
foods,oradoptionofrecommendedhomeprocessing
techniques or animal or fish production activities
(table3.7).

Levelofprecisionneededforevaluation

FollowingtheapproachdescribedbyHabicht,Victora,
andVaughan[95], thenextquestiontobeanswered
inselectinganevaluationdesign is,what is the level
ofprecisionrequiredfordecisionmakerstohavesuf-
ficient information about the performance and/or
impactof theirprogram?Or,more specifically,how
confidentdoprogramplannersanddecisionmakers
need to be that the effects observed are due to the

intervention,orwhatisthelevelofinferencesrequired?
ThethreelevelsofinferencesdefinedbyHabicht[93]
areadequacy,plausibility,andprobability.Takingzinc
interventionsasanexample,anadequacyevaluation
would refer to assessing theprevalenceof zincdefi-
ciency relative to somepre-determined criteria. For
example,itmaybethattheoverallgoalofacountry
is toreducetheprevalenceofzincdeficiencyamong
childrento10%orless(oranycut-offpointusedto
defineapublichealthproblem).Thus,adequacywould
beachievedif theevaluationshowedthatthepreva-
lenceofzincdeficiencyatthetimeoftheevaluation
waslowerthanthe10%pre-establishedcut-offpoint.
Adequacyevaluationsareusuallythesimplestandleast
costlytypesofevaluationsbecausetheydonotrequire
randomizationortheuseofacontrolgroup(table3.8).
Theydo,however,requirethesamelevelofscientific
rigorasothertypesofevaluation.
Plausibility and probability, on the other hand,

requiremoreresourcesandamoresophisticateddesign
becausetheyhavetodemonstratewithsomecertainty
that the achievements in reducing theprevalenceof
zincdeficiency are related to the interventionbeing
evaluated.For an evaluation tobeplausible, itmust
be able to demonstrate that the zinc intervention
programseemedtohaveaneffectaboveandbeyond
otherexternal influences thatmayalsohaveaffected
theprevalenceofzincdeficiency(suchas,forexample,
increased income and resulting improvements in

TABLE3.8.Types of interventiondesigns recommended to achieve various levels of inferences (focusing on impact
evaluations)a

Typeof
inferences Purposeoftheevaluation Typesofdesigns

Adequacy Determinewhetherthecurrentprevalenceofzinc
deficiencyisadequate(accordingtosomepre-
determinedcriteria,whichcouldbethelevelcon-
sideredasrepresentingapublichealthproblem,if
therewasone).

Cross-sectionalsurveyoftheprevalenceof
zincdeficiencyatacertainpointintime,and
comparisonofprevalencefindingswithpre-
establishedcriteriaofadequacy

Plausibility Determinewhetheritisplausibletoconcludethat
thezincinterventioncontributedtocurrent
prevalencesofzincdeficiencyortotheobserved
changesintheprevalenceofzincdeficiency.

Quasi-experimentalandotherdesignsthatcanbe
used:
»Cross-sectionalsurveywithtreatmentandcom-
parablecontrolgroup
»Longitudinalstudywithbeforeandaftermeas-
urements(lookingatchangesintreatmentgroup
only)
»Longitudinal-controlstudy,withbothacompari-
songroupandbeforeandaftermeasurements
»Case-controlstudywithmeasurementofcases,
comparedtomatchedcomparablecontrols

Probability Determine,withapre-establishedlevelofproba-
bility,thattheimpactonzincprevalenceisdueto
theintervention

Double-blind,randomizedexperimentaldesign:
»Randomizationoftheintervention
»Beforeandaftermeasurements
»Interventionandcontrolgroup
»Bothsubjectsandresearchersareblindtothe
treatmentduringtheinterventionandtheanalysis

a.BasedonHabicht[93].
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dietaryqualitythatwerenotrelatedtothespecificzinc
intervention).Thisisachievedbyeffectivelycontrolling
for these potential confounding factors and biases
througha careful selectionof evaluationdesignand
appropriatemultivariatedataanalysismethodologies.
Quasi-experimental or case-control designs are the
designsofchoiceforachievingplausibility(table3.8).
Finally,probabilityevaluationsarethetypesofevalu-

ationsthatprovidethehighestlevelofconfidencethat
theinterventioncausedtheoutcome,orinthecaseof
zinc,thatthezincinterventionisresponsibleforthe
reductionintheprevalenceofzincdeficiency.Thisis
usually achievedbyusing a randomized, controlled,
double-blind experiment.Theprobability design is
basedonthepremisethatthereisonlyasmallknown
probability (usually< 0.05) that the observeddif-
ference in theprevalenceof zincdeficiencybetween
treatment andcontrol communities (or individuals)
isduetootherfactors,suchasconfoundingfactorsor
biases,ortochancealone.Probabilitydesignsarethe
referencestandardofefficacy*research; theyrequire
randomized,double-blind,placebo-controlleddesigns,
whicharetheonlytypesofdesignsthatcanbeusedto
establishcausality.
Table 3.8 summarizes the types of intervention

designs that canbe applied to achieve thesediffer-
entlevelsofinferencesforimpactevaluationsofzinc
interventions.Formoredetails and for examplesof
designstoaddressotherevaluationobjectives(provi-
sion,utilization,andcoverage),seeHabicht,Victora,
andVaughan[95].
Additionaldiscussionsonthechoiceofevaluation

designsandindicatorsandonthedesignandimple-
mentationofmonitoringandevaluationsystemscan
be found in severalpublisheddocumentsonmoni-
toringandevaluation [92,94]and in thevitaminA
literature[96,97].

3.7Summary

Three possible direct approaches may be taken
to improve zinc intakes inwhole populations or
particularsubgroupsthatareatriskofzincdeficiency:
supplementation, fortification, anddietarymodifi-
cation/diversification.Given the small amount of
programmatic experience to date in the control of
zincdeficiency, research effortsneed tobedirected
toward the studyof the efficacy, effectiveness, cost-
effectiveness, and acceptabilityofdifferent strategic
approaches.Aconsiderableamountofresearchisstill
requiredtoproducethenecessaryscientificevidence
fordesigningeffectiveinterventions.

Although there is much experience with zinc
supplementation in small-scale, controlled research
trials,thereisasyetverylimitedexperienceinongoing,
large-scale supplementationprograms that include
zinc.Nevertheless,aseriesofspecificrecommendations
have been proposed for zinc supplementation
programs,basedon currently available information.
Forexample, researchsuggests that soluble formsof
zincsalts(e.g.,zincacetate,zincsulfate,zincgluconate)
shouldbeused in the supplement formulation, that
thesupplementsshouldbeadministeredbetweenmeals
tomaximize absorption, and that the supplements
shouldbeoffereddaily.Suggesteddailydosagelevels
for supplemental zinchavebeenderived (table3.2),
considering the IZiNCG RDAs, the NOAELs or
upper limits for zinc intake, anddosage levelsused
in controlled trials of zinc supplementation that
are considered tobe effective andhavenoapparent
adverseclinicaleffects.Inareasorsubgroupsthatmay
beatriskoflowcopperstatus,itisrecommendedto
include copper in the zinc supplement (zinc:copper
molarratio10:1,toamaximumof1mg/daycopper),
soastominimizethepossibleriskofalteredcopper
metabolism.Supplementalzincisalsorecommended
asanadjuncttherapyduringthetreatmentofdiarrhea
in children,where the recommendeddailydosage is
equivalent totwotimestheage-specificRDA, for14
days.Direct studies areneeded tobetterdefine the
optimaldoses (amount, frequency, andduration)of
zinc supplements for different age andphysiologic
status groups, and the implicationsondosage levels
ofmodifying themethodofadministration, suchas
giving the supplementwith or betweenmeals and
combining zincwith othermicronutrients in the
supplement. The effects of different chemical and
physicalformsofsupplementsonzincabsorptionand
thecost,shelflife,andacceptabilityofthesupplement
alsorequireevaluation.Culturalandbehavioralfactors
that influence adherence to the proposed dosage
schedules should also be assessed, and studies are
neededoftheeffectivenessandefficiencyofdifferent
distributionsystems.
Experiencewiththefortificationoffoodswithzinc

is,atpresent,largelyrepresentedbythefortificationof
infantformulas,infantcereals,andready-to-eatbreak-
fastcereals.SeveralLatinAmericancountriesareusing
orhaveusedcentrallyprocessedcomplementaryfoods
fortifiedwithmultiplemicronutrients,includingzinc.
Mexicocurrentlyhasanational,voluntaryfortification
programforwheatandlime-processedcornflours(the
efficacyofthisprograminpreventingzincdeficiencyin
Mexicohasnotyetbeenevaluated).Itisrecommended
thattheselectedfoodvehicleforzincfortificationbe
onethatiswidelyconsumedinstableandpredictable
amounts,andthatitisprocessedonareasonablylarge
scale topermit adequatequality control.Further, its
organolepticpropertiesshouldnotbeaffectedbythe

*Anefficacytrialisonethatappliesaninterventionunder
controlledconditionstodeterminethemagnitudeofeffectthat
canbeachievedunderthebestpossiblecircumstances[93].
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additionofzinc fortificantsand it shouldbeable to
retainappropriatelevelsofthezincfortificantduring
processing,storage,andpreparation.Examplesofcan-
didate zinc fortificationvehicles include rice,wheat,
andmaizeor condiments such as salt or fish sauce.
Selectionof the fortificant formof zinc should take
into consideration its acceptance foruse (e.g., listed
asGRASbytheUSFoodandDrugAdministration),
itssolubility,lackofeffectonorganolepticproperties
ofthefoodvehicle,andcost.Bothzincoxideandzinc
sulfatearerelativelyinexpensiveandhavebeenusedas
zincfortificants.Zincoxidemaybelesswellabsorbed
inhumans thanzinc sulfatebecause it isnotwater-
soluble,althoughcurrentevidencesuggeststhatzinc
absorptionfromthesetwofortificantsdoesnotdiffer
appreciably.Nevertheless,thisneedstobeconfirmed
inadditionalhumanstudiesinpopulationswithhigh
ratesofenteropathyand/orhypochlorhydria.Although
theappropriatelevelofzincfortificanttobeaddedto
afoodvehicleshouldbeassessedineachspecificcase,
asuggestedrangeforfortificationofcerealstaples is
30–70mgzincperkgof flour.Further information
isrequiredontheabsorptionofzinc,sensoryaccept-
ability,shelflife,andfinalproductcost,whendifferent
chemicalformsofzincareaddedtodifferentfoodvehi-
cles.Thelatterstudiesshouldalsoconsidertheseout-
comeswhenzincisincludedwithothermicronutrient
fortificantstotakepossibleinteractionsintoaccount.
Studiesofboththeefficacyandeffectivenessofforti-
fiedfoodproducts,includingfortifiedcomplementary
foods,inimprovingzincstatusareneeded.
There are severalpossible strategies for increasing

theintakeoftotalzincand/orabsorptionofzincfrom
thediet.Theseincludethefollowing:(1)agricultural
strategiestoincreasethetotalzinccontent,ordecrease
thecontentofphytate,ofstaplefoodcropsusingzinc
fertilizers, plant breeding, or geneticmodification
techniques;(2)communityorhome-basedstrategies
toincreasetheproductionand/orintakeofzinc-rich
foods, suchas throughpromotionof small-livestock
production,aquaculture,indigenouszinc-richfoodsor
processedsnacks;and(3)householdfoodprocessing
methodstoincreasetheamountofabsorbablezincin
thediet.Examplesofhouseholdfoodprocessingtech-
niquesincludegermination,fermentation,orsoaking

procedurestoreducethephytatecontentofcerealsor
legumes.Experiencewiththesestrategiesininterven-
tionstudiesorsmall-scaleprogramsisstilllimited.All
possibledietarydiversification/modificationstrategies
needtobeevaluatedintermsoftheirefficacy,accept-
ability,effectiveness,andcost-effectiveness.Inaddition,
agriculturalmethods to increase the zinc contentof
foodsand/orimprovezincabsorptionfromfoodsneed
tobeevaluatedintermsoftheirpossibleeconomicand
environmentalimpact.
All of the program options for improving zinc

intakes would benefit from the use of formative
research,becauseallmethodsrequiresomedegreeof
behavior change.Qualitativemethodsalreadydevel-
opedforuseinotherhealthandnutritionprograms
maybeadaptedandappliedtoimprovetheeffective-
nessofzincinterventions.
Given the likelihoodof the coexistenceof several

micronutrient deficiencies, intervention programs
to address zincdeficiency shouldbe linked topro-
grams thataddressotherproblemmicronutrients to
makemore efficient use of resources. Intervention
programsthataddressotherhealthissuesmayalsobe
usedasopportunitiestoincludethedeliveryofzinc-
relatedinterventions.Someofthemanypossibilities,
assummarizedintable3.6,includeincorporationof
nutritioneducationtoimproveintakesofdietaryzinc
in child health andnutritionpreventionprograms
(e.g., growth-monitoring clinics, programs to pro-
moteexclusivebreastfeeding, improvedcomplemen-
taryfeedingpractices,orimprovedhygienepractices);
inclusionofsupplementalzincindiarrheatreatment
programs;inclusionofsupplementalzincwhereother
micronutrientor food supplements aredistributed;
and inclusionof zinc in fortificationprogramswith
othermicronutrients.
Aswithallprograminterventions,monitoringand

evaluationactivitiesshouldbeincludedinzincinter-
ventionprograms. Several indicators canbe incor-
porated intotheseactivities forall typesofprogram
strategies. Examples of possible indicators include
evaluationoftheprovisionofservices,theutilization
ofservices,thecoverageoftheprograminthetarget
population,anditsimpactonpopulationzincstatus
orotherfunctionaloutcomes(table3.7).
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Whilecompilingthepresentdocument,weidentified
severalknowledgegaps.Theresearchneededtobridge
thesegapscanbegroupedaccordingtothefollowing
issues:zincandfunction;zincrequirementsandtoxic-
ity;zincabsorption;assessmentofzincstatus;andzinc
interventionprograms.Eachofthesesetsofresearch
needsisdescribedbrieflybelow.

4.1Zincandfunction

Additionalinformationonthefunctionalconsequences
ofzincdeficiencyisneeded,bothtosupportadvocacy
forzincinterventionprogramsandtodefinethefull
rangeofconditionsforwhichzincinterventionsmight
bedesirable.Moreover,someofthesefunctionalout-
comesmayprovideusefulindicatorsofzincstatusand
responsetointerventionprograms.Specificfunctional
domainsthatrequireadditionalresearcharezincand
infection,zincandreproductivehealth,andzincand
neurobehavioraldevelopment.
Intheareaofzincandinfection,furtherinformation

isneededonthemechanismsoftheprotectiveeffects
of zincagainst infection.Also, the effectsof zincon
specificetiologiesofinfection,includingmalariaand
otherparasiticdiseases,tuberculosis,andHIV,should
bestudied.Finally,additionalinformationisneededon
theroleofzincinreducingtheriskofmortality.
Further information is required todefine the role

of zinc in reproductivehealthand theconsequences
of zincdeficiencyduringpregnancy, including fetal
development, delivery complications, postpartum
maternalhealth,andinfanthealth.Clinicaltrialsthat
take into consideration thepossible risk factors for
poorzincstatusduringpregnancy(e.g.,initialserum
zinc concentration, pre-supplementationnutrition
status,maternalhealth,andreproductivehistory)may
helptobetterdefinethoseoutcomesthatareassociated
withzincdeficiency.
Littleisknownaboutthemagnitudeofeffectsofzinc

deficiencyonneurobehavioraldevelopment.Studiesin
avarietyofpopulationsandagegroupsareneededto
definetherangeandmagnitudeoftheseeffects.

4.2Zincrequirementsandtoxicity

Manyquestionsremainregardingzincrequirementsin
differentsubgroups,asdefinedbyage,sex,andphysi-
ologicstatus. Information isneededonthepresence
andsizeofzincstoresatbirth(interm,pre-term,and
small-for-gestational-agebabies) andwhether these
contribute to zinchomeostasisof thenewborn and
young infant.More information is also neededon
quantitativelossesofendogenouszincfromdifferent
sites,includingintegument,semen,andmenstrualfluid,
inindividualswithadequatezincstatusanddifferent
stagesofdepletion.Empiricaldataareneededontotal
endogenouszinclosses(andhencephysiologicrequire-
ments)ininfants(includinglow-birthweightinfants)
andchildren,sothatthesedonotneedtobederivedby
extrapolationfromdataonadults.Investigationisalso
neededonthepossibleimpactofcommonconditions
thataffecttheintegrityoftheintestinaltract,suchas
tropicalenteropathyorintestinalparasitemia,onthe
controlofendogenouslossesofzincviatheintestine.
Finally,informationisneededonzincrequirementsfor
optimalcompensatorygrowthofpatientsrecovering
fromseveremalnutritionand/orinfectiousdisease.
Relativelylittleempiricaldataareavailableregarding

riskassessmentofzinctoxicity.Informationisneeded
to define intakes atwhich there are no observable
adverseeffects(NOAEL)andlevelsofintakeatwhich
theseeffectsfirstoccur(LOAEL)indifferentpopulation
groups.Adverseeffectsmayincludeinterferencewith
maintenance of nutrition adequacywith regard to
othernutrients.

4.3Zincabsorption

Additional studies are needed on zinc absorption
fromabroadrangeofmixeddietswithvaryinglevels
offactorsknowntomodifyzincabsorption(e.g.,levels
of zinc,phytate,protein fromdifferent sources, and
calciumandotherminerals). Information isneeded
withparticularurgency fordietswithhighphytate:
zincratios.Studiesarealsoneededontheeffectson
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zincabsorptionofcommonlyoccurringdiseases,such
astropicalenteropathy,acuteandpersistentdiarrhea,
andintestinalhelminthicinfections.Studiesthatmeas-
ure zinc absorption froma totalday’sdiet and that
estimatethetrueabsorptionofzincforindividualsby
correctingforintestinallossesofendogenouszincare
recommended.

4.4Assessmentofzincstatus

Acriticalareaforfutureinvestigationisthedevelop-
mentof bettermethods to assess the zinc statusof
individuals andpopulations. Identificationof easily
obtainable, low-cost biomarkers of individual zinc
status and their relationship to functionaloutcomes
ofzincdeficiencyandexcessisanareaofhighprior-
ity.Pendingthedevelopmentofsuchbiomarkers,the
riskofpopulationzincdeficiencycanbeinferredfrom
ecologicevidence,suchastheabsorbablezinccontent
of the food supply, rates of stunting, dietary zinc
intake,andpossiblyratesofanemiaandotherdiseases.
Researchisneededtovalidatetheseindicatorsagainst
othermarkersofzincstatusandtodevelopmoreinfor-
mationonappropriatecutoffsthatareassociatedwith
widelyrecognizedpublichealthproblems.
With regard todietary assessment, information is

neededonthezincandphytatecontentsoflocalfoods
with thegoalof incorporating this information into
food composition databases.Moreover, simplified
dietarymethods, such as food frequencyquestion-
nairesorother techniques, shouldbedevelopedand
evaluatedwithregardtotheirabilitytopredicttherisk
ofzincdeficiency.
Additional information isneededon appropriate

referencevaluesandcutoffsofserumzincconcentra-
tionofhealthyindividuals,especiallyforchildrenless
than3yearsofage,elderlyindividuals,andpregnant
andlactatingwomen.

4.5Zincinterventionprograms

There is relatively littleprogrammatic experience to
dateinthecontrolofzincdeficiency.Thus,information
isneededontheefficacyandeffectivenessofdifferent
strategicapproaches,aswellastheircost-effectiveness
andacceptability.Specificresearchneedsaredescribed,
as follows, for each of the different programmatic
approachesthathavebeenproposed.

4.5.1Supplementation

Researchisneededontheoptimaldoses(amount,fre-
quency,andduration)ofzincsupplementsfordifferent

groups,asdefinedbyageandphysiologicstatus.The
extenttowhichthesedosagerecommendationsshould
bemodifiedaccordingtothemethodofadministration
(e.g.,withoraftermeals)andwhetherthesupplements
areprovided as zinc aloneor combinedwithother
micronutrientsshouldalsobedetermined.Theefficacy
ofweeklyversusdailysupplementationandofshort-
coursetreatmentwithsupplementalzinc,alsodeserve
study.Evaluationisneededoftheeffectsofdifferent
chemicalforms(i.e.,theparticularzincsaltororganic
ligand) andphysical forms (liquid, tablet, sprinkles,
spreads,etc.)ofsupplementsonzincabsorptionand
thecost,shelf-life,andacceptabilityofthesupplement.
Culturalandbehavioralfactorsthatinfluenceadher-
encetotheproposeddosageschedulesshouldalsobe
assessed,andstudiesareneededon theeffectiveness
andefficiencyofdifferentdistributionsystems.

4.5.2Fortification

The absorptionof zinc from a variety of chemical
formsofzincfortificantcompoundsindifferentfood
vehiclesrequiresfurtherstudy.Sensorytrialsarealso
neededinrelationtothechemicalformandamounts
ofzincfortificantsaddedtodifferentfoodvehicles.The
effectsofzincfortificationonfinalproductcost,shelf-
life,andacceptabilityshouldalsobedetermined.Stud-
iesofboththeefficacyandtheeffectivenessoffortified
food products, including fortified complementary
foods,toimprovezincstatusareneeded.Interactions
ofzincwithothernutrientsshouldbeassessed,incases
wherethesenutrientsmaybeincludedinamixtureof
multiplefortificants.

4.5.3Dietarydiversification/modification

Studies are needed to plan and evaluate different
approaches for enhancing dietary zinc intake and
absorption, including foodproductionandprocess-
ing andnutrition education.Agriculturalmethods
toincreasethezinccontentoffoodsand/orimprove
zincabsorptionfromfoodsneedtobeevaluated,not
onlyintermsoftheirefficacybutalsointermsoftheir
possibleeconomicandenvironmentalimpact.Possible
approachesincludetheuseofzinc-containingfertiliz-
ers, plant-breeding strategies to select forhigh-zinc
strains,andgeneticmodificationtoalterthecontentof
inhibitorsandenhancersofzincabsorption.Studiesare
alsoneededonhouseholdprocessingtechniquesthat
couldbeappliedtoimprovezincabsorption.Finally,
the feasibilityandnutrition impactof incorporating
non-traditional zinc-rich foods into the diet (e.g.,
animal-sourcefoods,insects,andwildplants)should
beevaluated.
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Appendix1

EstimatedRiskofZincDeficiencybyCountry

This tablepresents country-specific informationon
thepercapitaamountsofselectednutrientsandfood
components (including absorbable zinc content)of
national food supplies. Information is includedon
theindividualandcombinedindicatorsofriskofzinc
deficiency:prevalenceofstunting(height-orlength-

for-age<–2SD)ofchildrenunder5yearsofage,and
thepercentof thepopulationat risk for inadequate
zincintake,basedondataderivedfromnationalfood
supplies.Seesection2.2fordetailsonthederivation
ofthesedata,thedefinitionofriskcategories,andthe
limitationsintheirinterpretation.
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INFOODS(InternationalNetworkofFoodData
Systems)Secretariat
c/oFAO
ESNA
VialedelleTermediCaracalla
00100Rome
Italy
Telephone:+390657053728
FAX:+390657054593
http://www.fao.org/infoods/index_en.stm

InternationalMinilist/WorldFoodDietary
AssessmentSystem,2.0.
(UniversityofCalifornia,Berkeley;Berkeley,CA)
The softwareprogram including food composition
databases canbedownloaded atno cost from the
INFOODSwebsite: http://www.fao.org/infoods/
software_worldfood_en.stm

USDepartmentofAgriculture(USDA).Nutrientdata-
baseforstandardreference.Release14.Washington,
DC:UnitedStatesDepartmentofAgriculture,2001.
NutrientDataLaboratory
AgriculturalResearchService
BeltsvilleHumanNutritionResearchCenter
10300BaltimoreAvenue
Building005,Room107,BARC-West
Beltsville,MD20705-2350
Telephone:301-504-0630
FAX:301-504-0632
http://www.nal.usda.gov:80/fnic/foodcomp/

Appendix2

ResourcesforFoodCompositionDataforZincand
Phytate,andPhytateContentofSelectedFoods

Phytatecontentoffoods(adaptedfromtheInternationalMinilist[WorldFoodDietaryAssessmentProgram,2.0;University
ofCalifornia,Berkeley,USA])

Foodgroup Description
Phytatecontent
(mg/100g)

Cerealsandgrains Whole-graincereals(barley,maize,millet,sorghum) 800
Refinedcereals(extractedflours,rolledoats) 197
Bran,maize 263
Bran,wheat 3,011
Bread,whole-wheat 845
Bread,white,wheat 30
Bread,unleavened 200
Rice,brown 262
Rice,white 126
Tortilla,maize 480

Seeds,nuts,andlegumes Beans,peas,lentils 358
Seeds(lotus,pumpkin,sesame) 3,465
Nuts(almonds,peanuts,walnuts) 1,760
Soybeanandproducts(tempeh,tofu) 374

Starchyrootsandtubers Cassava,potatoes,yams 54

continued
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Phytatecontentoffoods(adaptedfromtheInternationalMinilist[WorldFoodDietaryAssessmentProgram,2.0;University
ofCalifornia,Berkeley,USA])(continued)

Foodgroup Description
Phytatecontent
(mg/100g)

Vegetables Broccoli,cabbage,carrots,eggplant,lettuce,mushrooms,onions,squash,
sweetcorn,tomatoes,turnip 0
Greenbeans,greenpeas 60
Greenleaves 42
Pepper(capsicum),chiles 35
Seaweed,kelp 97

Fruits Berries,citrus,melons,stonefruit 0
Apple 63
Coconut 324
Mango 20

Meats Beef,pork,othergame,poultry,organmeat 0

Fishandseafood Fish,shellfish 0

Insects Grubs,locusts 0

Dairyandeggs Milk,cheese,yogurt 0
Eggs 0

Resourcesforfoodcompositiondataforzincandphytate
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The specific features of zincmetabolism—ahigh
endogenous intestinal excretion, a rapid turnoverof
zincinplasma,andaconstanturinaryexcretionovera
widerangeofdietaryintakes—limitthepossiblerange
ofmethodsthatcanbeusedtomeasurezincabsorp-
tion.The conventional chemical balance technique,
wheretheapparentabsorptioniscalculatedasthediffer-
encebetweendietaryzincintakeandfecalzinccontent,
canatbestgiveinformationabouttheoverallbalance
ofbodyzinc.However,longperiods(>30days)ofcon-
stantzincintakeareneededtoachievesteadystatecon-
ditionsandgainreliableinformation[1].Tomeasure
trueabsorptionofzinc,endogenoussourcesofexcreted
zincmustbeseparatedfromunabsorbeddietaryzinc,
and for this determination, isotope techniques are
necessary.Suitableradio-andstable-zincisotopesare
availableandhavebeenusedextensivelytostudyzinc
absorptionfromsinglemealsand,toalimitedextent,
from totaldiets.These techniques require advanced
analytic equipment and skills andaremainly suited
forresearchlaboratoriesandstudiesofsmallgroups
ofsubjects.Furtherresearchinthisareaisrequiredto
betterquantify theeffectsofphysiologicanddietary
conditionsthataffecttheefficiencyofzincabsorption,
particularlyfromtotaldiets.Thesetechniqueswillalso
beusefulinassessingthepotentialefficacyofdifferent
zinccompoundsforuseinfoodfortificationaswellas
zincsupplements.

Whole-bodycounting

Theuseofthegamma-emittingradioisotope65Znwith
aphysicalhalf-lifeof243.6daysanddeterminationof
absorption frommeasurements of thewhole-body
retentionof the isotope is regardedas the reference
methodforzincabsorption.Testmealsortotaldiets
are extrinsically labeledbefore intake and retention
ismeasuredinawhole-bodycounteratatimewhen
unabsorbedisotopehasbeenexcretedfromthebody
(minimumsevendays)[2].Endogenousexcretionof

absorbedisotopefromthetimeof intaketothefirst
retentionmeasurementiscorrectedforbymeasuring
theexcretionofanintravenousdoseinthesamesub-
ject,orusingtheaveragerateofexcretiondetermined
inagroupwithsimilarcharacteristics.Thewhole-body
countingtechniquehashighprecisionandissimplefor
theparticipatingsubjects,buttherequiredequipment
isavailableinonlyalimitednumberofcenters.

Fecalmonitoring

Measurementof appearanceof zinc isotopes (stable
orradioactive)infecalsamplesisatpresenttheonly
alternativemethodthathasbeenvalidatedagainstthe
whole-bodycountingtechnique[3].When65Znisused,
fecalsamplescanbemeasureddirectlyinlarge-volume
gamma-counterswithoutfurtherpretreatment.Intake
ofradio-opaquemarkersfollowedbyx-rayofthefecal
samplesorofanon-absorbedmarker(e.g.,51Cr)can
beused to relate excretion toperiodof intake and
therebylimitthenumberoffecalsamples,whichalso
means less influenceof endogenous zinc excretion.
Thisapproachcouldbearelativelycheapandsimple
fieldtechnique.
Threestableisotopesofzincareoflowenoughnatu-

ralabundancetobeusedinasimilarwayastracers.
Theseare67Zn,68Zn,and70Zn,withnaturalabundance
ratesof4.1%,18.8%,and0.6%,respectively.Isotopic
ratios canbedeterminedusingmass spectrometric
techniques. Singleordual stable-isotope techniques
withfecalmonitoringhavebeenappliedtostudyzinc
absorption.Endogenousexcretionofzinciscorrected
forbyextrapolatingalinearfitofrateofexcretionafter
theunabsorbed,orallyadministeredisotopehasbeen
excretedorbysimultaneousintravenousinjectionofa
secondisotope.Thiscorrectionisnecessaryasrelatively
longfecalcollectionperiods(10–12days)arerequired.
Samplepretreatmentpriortoanalysisislaboriousand
contributestovariationinresultsandthereforelarger
studygroupsareneededcomparedtothewhole-body

Appendix3

TechniquesforMeasuringZincAbsorption
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countingtechnique[3].Duetotheneedforadvanced
analyticequipment,applicationofthismethodislim-
itedtoresearchlaboratories.

Urinarymonitoring

Totalurinaryexcretionisrelativelyconstantandnot
related to intakewithin the rangeof typicaldietary
consumption.Thus, thismethod cannotbeused to
evaluate dietary zinc absorption.However, urinary
65Znexcretionduring48hoursafterintakeofalabeled
mealdoesappeartobecorrelatedtozincabsorption
determinedbythewhole-bodycountingtechnique.*
Urinary radioisotope content canbemeasured in a
similarwayas fecalsamples in large-volumegamma
countersandcouldalsobearelativelyinexpensivefield
technique.Adual-isotopetechniquewithsimultaneous
oralandintravenousadministrationofdifferentstable
isotopesof zinc anddeterminationof isotope ratios
inurineduringthefollowing48hourshasbeenused
to study zinc absorption fromsinglemeals [4].The
technique is based on the non-proven assumption
thatabsorbedzincisclearedfromplasmainthesame
wayasintravenouslyinjectedzinc.Relativelylargeoral
dosesarenecessarywhenalowabsorptionisexpected,
ascouldbe thecase fordiets inmany lower-income
countries,toachieveadetectablelevelofenrichment.
It has not been conclusively demonstrated that an
intravenousinfusionofzincdoesnotaffectsystemic
zincmetabolism.Nonetheless, as only a spoturine
sample is required, thismethod is simple for the
participatingsubjects,andthenumberofsamplestobe
analyzedislimited.Thus,ifthevalidityofthisapproach

canbedocumented,itcouldbeafeasiblemethodfor
field studies. Its application is, however, limited to
single-meal studies and itwould consequently be
most valuable in populationswith amonotonous
foodintake.

Invitromethodsandmodels

For mechanistic studies of zinc absorption and
evaluationoftheeffectofindividualfoodcomponents
onzincuptake,cellmodels(e.g.,Caco-2cells)maybe
useful.Thismethodislesssuitedforstudiesofcomplex
dietsanditisunabletogivequantitativeinformation
aboutabsorption.Qualitativeinformationaboutzinc
availabilitymayalsobeobtainedfromanimalstudies.
Aratpupmodelhasbeendemonstratedtobeableto
rankzincabsorptionfrominfantformulainthesame
orderasresultsfromhumanstudiesusingthewhole-
bodycountingtechnique[5],whileadultratswereless
suitableforthispurpose.
Aninvitromodelsimulatingintestinalabsorption

conditionsoriginallydeveloped for iron[6]hasalso
beenappliedtozinc[7].Afterpepsindigestionatlow
pH,>50%of zinc in cereal-basedmeals is released
anddialyzable (MWcut off 6000–8000)while fur-
thertrypsindigestionatpH8reducesthedialyzable
fraction.A comparisonwith in vivomeasurements
ofabsorptionshowedagoodcorrelationatpH8but
notatthelowerpH[7].Itispossiblethatwithfurther
developmentandvalidationthismethodcouldbeused
togivequalitativeinformationaboutzincavailability
forthescreeningofdifferentpossiblezincintervention
strategies.Itsabilitytocomparedifferentfoodsordiets
andtogiveinformationthatcanbeusedtojudgethe
adequacyofatotaldietisprobablylimited.
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