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Structured Abstract 

Objective: To evaluate the measurement properties of hematological and biochemicai 

indicatoa of iron deficiency (ID). 

Design: Secondary data anaiysis of a longitudinal data set collected for a randomized 

controiied triai of iron supplemented formuila conducted in 1991. Anaiysis of a &ta-set of 

four venous samples d r a .  fiom 225 in£mts at ages 6,9,12 and 15 months. 

Setting: Aboriginal children Living in the urban core of W ~ p e g .  

Patient Selection: Non-breastfeeding mothers who agreed with informed consent to 

participate in an infant formula iron-fortification trial < 2 months of age. 

Measurement and Results: Senun Ferritin (SF), Transferrh Saturation (TS) and Free 

Erythrocyte Protoporphyrin (FEP) were cornpared with Hemoglobin (HB), Mean 

Corpuscular Volume (MCV) and Red Ceii Distribution Width (RDW). Non parametric 

receiver operator characteristic curve (ROC) anaiysis was conducted as a cutsff 

independent method to compare the iron tests. The areas under the c w e  were rneasured 

to contrast the diagnostic strength of each test. The analysis was repeated with a series of 

surrogate "gold standards". At the same assessrnent age, SF and hematological tests were 

used . The longitudinal nature of the dataset was used to d e t e d e  if a low value of a test 



at one sample interval predicts low values of other tests at the next sample interval. 

Predicting which infants would have a HB rise in respoase to iron administration was 

aiso evaluated. 

Conclusions: HB performed weil at predicting the tesponse to iron supplementation. TS 

was the most accurate early indicators of ID in infarits. Age appropriate cut-off values for 

FEP and MCV are recomrnended. Recommendations are made for screening and primary 

prevention in high risk, remote populations. 
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Introduction 

Introduction to the Thesis: 

iron is a critical elemeat in major physiologicai body bctions. It is a component 

of hemoglobin, the oxygen carrying prutein in blood, and it is also a component of 

cytochromes and eriymes which are required in multiple important M y  processes. 

Severe deficiency measured as iron deficiency anemia, (DA), has been shown to cause 

delays in infant psychomotor development which are reversible with uon administration. 

It has aiso ken wociated with reduced immune hction.' Therefore, iron deficiency 

(ID) is a significant health problem for infants under two years of age. 

Certain populations of socioeconomicaiiy disadvantaged infmts have a higher 

prevalence of ID. This is common in many developing countries but also in North 

Arnerica within poorer communities. In Manitoba, aboriginal communities both urban 

and remote d e r  fiom the many health effects of poverty including ID. The effort to 

define the magnitude of the problem has been hampered by methodologic problems in the 

measurement of ID. Hemoglobin, (HB), which is most reliably assessed with automated 

equipment such as a coulter counter, has been the measure most often used when trying to 

count the numbers of anemic chüdren. In remote communities, however, this technology 

is not available. A recent population health study of huit communities in Keewatin used 

a portable photometer for the measwment of Hl3 and red biood ceii count on capillary 

(finger prick) blood samples.2 It confirmed a 5.20% prevaience of anemia (low 

hemoglobh), in different communities but the finding of agnificant macrocytic memia 



raised etiologic questions as to whether a deficiency in  on, B,, , folate or a genetic 

hemoglobin defect explained the low hemoglobin valws. The macr~cytic cells could also 

have been explained as a measurement mor. A reiiable method for detecting h n  

deficiency in isolated northem commuaities would contribute greatly to the delineation of 

this question as well as assisting in answering the main question of the prevalence of ID. 

Many tests are available to measure iron levels in the human body. These tests f d  

into two categories, biochemical and hematological. Of the two categories of tests, 

biochemicai tests attempt to assess iron statu more directly. The more familiar 

hematologic tests measure the components or dimensions of red blood ceils involved in 

iron-assisted methods of oxygen transport. Much research has been conducted in the 

previous 20-30 years to evaluate the relative strengths of each of these tests but no 

individual test has been chosen as the superior measure of uon status? 

This thesis addresses the question of which test or series of tests can best be 

employed in the population assessrnent of uon deficiency in young children? And which 

would be best applied to the problem of screening within aboriginal comunities? 

The study used data fkom a prospective randomized trial of the iron-fortification 

of infant formula and its effect on mental and motor development that was conducted on 

a population of urban aboriginal infants. It contained serial measurements of six different 

iron tests at 3 month intervals nom ages 6 to 15 moaths. Standard methods of clinical 

epidemiology are used to address issues of test selection and interpretation. 



Literature Review 
Introduction to Iron Deficiency: 

An understaading of iron deficiency is p d c a t e d  on an understanding of the 

currentiy accepted division of iron metabolism Uito three physiological compartments. 

Each of these compartments are depleted in tum and each have separate measures of iron 

status: 

Three Cornpartmonts of Body Iron: 

1. Storage iron, accessible for incorporation into HB, is composed of insoluble 

hemosiderin (which is the stainable iron seen d u ~ g  bone marrow examination) and the 

soluble protein, ferritin. These proteins exists mostly within the bone marrow of adults 

but also the liver and spleen of infants. The balance of "storage" iron which is not 

accessible for HB synthesis is in nparenchymai" or 'tissue iron" as muscle protein, 

myoglobin or as enzymes, cytochromes. 2. Transport proteins cary iron to the sites of 

blood ce11 formation. This transport uon accounts for a relatively s m d  part of the total 

iron in the body. 3. The majority of body uon exists within the circulating protein, HB, 

(Fig. 1). 

Three Stages of Iron Defirieney: 

Heimich in 1970 divided iron deficiency into three sequential stagesO4 (Fig. 2) 

Although Hl3 has been the traditional meamre of ID, it is likely the final stage in a 

progressive reduction of body iron. When a body is depnved of iron, there is nrst a 

3 



reduction in the body's storage iron compartment. As the iron stores become depleted one 

can measure a reduction in transport iron. This stage is called 'latent iron deficiency". 

Finaiiy, when there is insufficient iron to produce HB there is a measurable reduction in 

HB c d e d  iron deficiency auemia, @DA). Anemia is the outcome which has been weli 

correlated with reversible psychomotor problerns of development in inf8nts." Earlier 

states of deficiency also seem to have some relation to adverse outcornes and hence these 

precursor states may be important to identifjr.610 

Iron Tests for each Cornpartment and Stage: 

Biochemical tests measure compounds within the blood which fluctuate in 

proportion to the iron status of the individual. Hematological ones meamre features of the 

red blood cell and its oxygen carrying protein, HB. Each individual test is most relevant 

to a specific compartment and stage of defi~iency."-'~ (Figure* 3) 

Of the biochemical tests, S e m  Femtin, (SF) is the best measure of iron stores. It 

has been shown to be an accurate reflection of bone marrow i r ~ n . ' ~  The next test, 

Transferrin Saturation, (TS) reflects transport ùon, which is measured as serum irm and 

it's carrier protein traosferrin. TS is a calculated index of the percentage of the protein 

which is bound to iron, (and by extension, the amount of unbouad protein deficient in 

ùon). When a significant reduction in the delivery of iron to the blood forrning areas of 

the body occurs, other parameters become aected. Protoporphyrin is a chernical which 

when bound to iron forms heme, the oxygen carrying compound of the hemoglobin 

protein. If iron is unavailable to produce heme there is a resulting increase in the amount 

4 



of unused protoporphyrin circulating in the b l d  as Free Erythrocyte Protoporphyrin 

(FEP). These, then, are the three biochemical tests and the order in which they are 

thought to decrease with the development of ID. 

Hematologicd tests include HB, Mean Corpuscular Volume (MCV) and Red Cell 

Distribution Width (RDW). When hemoglobin production begins to be compromised, but 

before the actuai HB value declines, the size of the newly produced red blood ceils 

becomes smailer and the consequent variability in ceii size is measured as Red Blood 

Cell Distribution Width, (RDW)." Another index of red blood ceU size pertains to the 

actual volume of the individuai cells,. mean corpuscular volume, (MCV)? The 

compromise in production ultimately redts in a &op in the absolute amount of 

hemoglobin (HB) but this stage of 'fia& anemia" is only the final outcome. 

In reality these stages and tests are not as discreet as outlined, many of the tests 

drop concurrently as deficiency develops. Some authors feel that TS declines later than 

RDW and FEP. A more detailed diagram includûig fou. body pools is adapted fiom 

Bothwell 1966 in Figure 4.16*'7. It would appear f?om these categorizations that SF would 

be the earliest and perhaps best measure of iron deficiency. 

Measurement Issues: 

In the stniggle to select a superior measure of iron deficiency it is necessary to 

define three terxns which explain the measurement properties of interest: accuracy, 



. . validity and reliability. Dennitions are taken h m  A Dictiom of F- by 

John Last.18 

Accuracy : 

Accuracy is defined as: The degree to which a memarement, or cm estimute 

based on measwements, represents the true value of the attribute that is being 

measuredl In the context of ihis thesis project it must be noted that there is an underlying 

state of the body's ùon statu which now of our tests can fully and completely measure. 

(True value of the attrïbute.) Each of the iron tests attempts to identify the individual who 

is iron deficient and describe the magnitude of the deficiency but none of them are 

completely and consistently able to identify ali  individuais or rdect the magnitude of the 

deficiency. When attempting to fhd the superior iroa test, its ability to reflect the 

underlying uon status is what is king measured. 

Vaiidity: 

Closely related is the concept of Validity. John Last quotes the Oxford English 

Dictionary when defining this as 3ound and @tient". Ig He goes on to explain ' if a test 

rneasures what it purports to m e m e  (il is Mcienr)  then the test is said to be v a W .  

There are two types of vaiidity which are relevant to this thesis, construct and criterion 

validity. These will be iternized below. 

Construct Vaiidity: 



Consîruct validity is 'the extent to which the meusurement corresponds to 

theoreticai concepts (constructs) ofthe phenomenon uder  shrdg. Each of the iron tests 

has k e n  identifïed with a cornpartment or stage of deficiency. The extent to which they 

actuaily measure this stage is construct validity. For example, since we poshùate that iron 

is a critical component of the hemoglobin molecuie, protoporphyrin which is the other 

component of the heme compoimd, has a valid pathophysiological explanation for 

varying in proportion to iron deficiency. 

Criterion Vaiidity: 

A more usefbi evaluation concept is critenon validity; 'The extent to which the 

memurernent correlates with an extemai criterion of the phenomenon under study". The 

cornparison of a test with a weii accepted reference test is the most desirable. Accurate 

and valid tests must be compared with a 'gold standardu. 

There have been seved attempts to fhd research measures of iron statu which 

are valid. The most valid of these measures are often laborious or even injurious to 

patients. As with many other cases of test selection the trade-off between acciiracy and 

practicality becomes reai. These accurate tests are considered to be *gold standardsn and 

c m  fûnction as an extemal reference for the evaluation of tests which may not be as 

accurate. 

Garby, when studying adults speculated that 'a cntenon based upon the 

individual's feelings of weii-being and capacity to perform pertinent social fwictions 

would theoreticaliy be the most relevant.n20 A parailel concept for infants might be an 
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assessrnent of neurodevelopmental bction. Aithough IDA has been weU correlated with 

poor mental and motor performance this would not be easy to meanne nor would it be 

precise? 

There is no true proxy for the direct measurement of mderlying iron status and 

the "gold standards'' used in some research studies such as bone maww iron, liver 

biopsy, -cobalt excretion, or even absorption of radioactive iron salts, are not feasible for 

application on a large ~ c a l e . " ~  The most direct measure involves weekly phlebotomy 

to determine the amount of hemogiobin iron removed and the induced iron d e f i ~ i t . ' ~ ~  

Because of the practical and ethical dficdties involved in performing these on a 

population of infants it is diff?cuit to compare standard measures to these references- 

Response to iron therapy has been the oniy population-based gold standard used 

in many large scale studies. The minimum significant magnitude of this HE3 rise in 

several studies is accepted as 5-10 g/L.'427 A study evaluating the variability of 

hemoglobin repocted that an increase of 6 g/L would exclude 95% of the merences 

caused by analytic factors and biologic variation? Since taking blood is not as invasive 

or painful as bone-marrow aspiration or repeated phlebotomy it is well accepted by the 

population. Although cornpliance with iron therapy in most studies is ody about 50 to 

75% the effect of ùon administration is still quite measurable. In most of the studies the 

Von tests, (ZIB, SF, TS FEP) are contcasted in their ability to predict the effect of 

supplementation. niis is cailed predictive validity. As this is the most commonly used 

standard, 5 studies will be reviewed. 

In 1969 Garby published the results of a supplementation trial involvhg 12 1 
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healthy women aged 18 to 48?O He daumented an approximately 30% rise in HB and TS 

compared to placebo, but found that a low HB was a better predictor than TS of the effect 

of supplementation. Dahan et al, reported on 188 one-yewold children of US Air 

Force personnel who had low HB values then completed iron therapy of 3 rng/kg as 

ferrous d a t e  for three monthd4 They found that pretreatment HI3 was the best predictor 

of response although TS was the next most useful single test. 

Margolis et al, studied 344 Inuit chiidren between 1977-78? Afker 3 months of 

supplementation to deficient i~di~iduals, A low value of Hl3 (<1.5 SD fkom n o d )  was 

the most efficient test at predicting a response to iron. They desçribed this predictive 

property as sensitivity. The other tests, SF, TS and FEP al1 had between 40960% 

sensitivity and specificity. Idjradinata and PoUt published a trial of iron supplentation of 

ùifants aged 12 to 18 montbs fkom Indonesia in 1993. They documented the reversibiiity 

of delays in mental and motor development afier iion administration. Aithough those with 

documented IDA had test results which increased dramatically, many of the children in 

each of their three groupings, DA, ID and iron sutncient responded by increasing several 

measures of iron status. 

Afier reviewing each of these trials it is apparent that HB at time=l is more able 

to predict a response in HB at tirne=;! than the other tests used aione at tune=l. One must 

remember, however, that this gold standard is not golden. There is more than a bit of 

room for scepticism when we see the possibly circular logic in fïnding HB as the best test 

for predicting a HB response. Serum Femtin and TS, however, increased substantiaiiy 

in sorne individuals whose HB did not rise. This indicates that HB as an initial test fails to 
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identify ail chiidren who will respond to iron. Pretreatment HB may not, then, be a 

sufficient test. 

This discussion has paralleis withh the bacteriology Litetahire when comparing 

new immunological tests against the "gold standardn of culture for any fastidious 

organism. Although a positive culture is very specific it is not always sensitive. Using a 

positive culture as a reference standard underestimates a new test which may be correctly 

identifying culture-negative individuals as having true infections? 

Although not a ugold-standardn, the use of other cornmon tests applied 

simultaneously to the same subjects can serve as a reference point with 'concurrent 

validityn. For many population studies, SF, TS or a combination of these and the other 

tests are used to measure def i c i en~y?~  Whether these multiple tests are used in 

sequence or paralle1 wiil determine what fiaction of the population is identified as 

deficient. (Figure 5) 

Reliabiiity : 

Reliability is defined as 'a quai@ thut is sound and dependable". 

Epidemiologically it is a result or measurement which is stable, Le., when repetition of an 

experiment or measurement gives the same resultsn. When variation exists as a property 

of the phenornenon under study rather than an artefact of the measurement it is described 

as "day-to-dayn variation or sometimes Uwithin-dayn variation, ( d i d  variation). 

Repeatability and reproducibility are synonyms for reliability in many usages but 

are "actuaIIy referring to the meanrringprocedure tather thun the amibute being 
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rnemred". Some of the titeratwe reports situations in which each of the iron tests have 

been repeatedly performed on the same blood sample or subject. When very simiiar 

results ensue from serial measurercents, the test is said to be reliable. Variability of 

measurements are often calculated with the statistic, coefncient of variation. 

Precision: 7s the qua@ of being shmpZy defind through exact detail- A faulîy 

measurement may be expressedprecisely, but may not be accuraten. 

In sumrnary, in order to masure the underlying iron status of an individual or a 

population we are obliged to utilize proxy measures which may have content validity and 

some degree of concurrent and predictive, (criterion) validity. 

These tests, however, have specific advantages and disaâvantages which have 

been documented in previous studies and wül be outlined below. It will become apparent 

to the reader that there is no agreement as to the %est'' iron test or the appropriate cutsff 

values. Large meta-analyses c o m p a ~ g  iron tests have not been conducted chiefly 

becaw each of the studies use different definitions of deficiency, Werent cut-off levels 

and have been conducted on different populations. 

Iron Tests: 

Hematologic Variables HB, MCV, RDW: 

Testhg Methods: 

There is currently Little variation in the measurement of each of these tests 

between different Iabs and between different urbm studies because they employ 



standardized, automateci equipment such as an electmnic particle counter, (Couiter 

C o ~ n t e r ) . ~ ~ ~ ~  This is considered to be the best technique for hematological anaiysis with 

determinations king  both accurate and re~mducib leZ~~ Details of the methodology and 

variation are presented in AppendUc 1. 

Portable hematologic equipment has great appeal for remote settings and has been 

w d  extensively. This equipment however, has more problems with measurement 

variation. (Appendix II). 

Hemoglobin (HB): 

This is the test which is used in most studies since it is simple, the laboratory error 

is smaii and there is much less biologicd variation on repeated sampling than for tests 

such as senun iron? The range of HB d i d  variation is 34% and there is an 

insignificant amount of day-to&y variation in HI3 values, and especiaily as compared to 

the variation in biochemical tests?28J6 There is more variation possible when capülary 

rather tban venous samples are obtained and a careful set of procedures are necessary to 

minimize the observed emr  seen in some studies which have resulted in falsely low 

v a l ~ e s . 1 ~ ~ ~  This is a significant Limitation when working with a pediatric population since 

phlebotomy is often diflïcult for both technical reasons and withheld consent. 

The major problem with this measure is that a drop in HB is a relatively late 

hding in the spectrum of ID. One observes a Gaussian distribution of hemoglobin values 

in a healthy population; however in populations with a high prevalence of anemia, this 

may not be the case." One of the difficuities with using HB as a measurement of ID is 
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that normal and a b n o r d  values overlap sigaincantiy and so it is difacuit to clearly 

separate those children with iron defi~iency?*~ 

The prevalence of certain medical conditions in the population under study may 

affect HB values even in the absence of ID. ùifections or inflarnmatory disease may lower 

hemoglobin values in the absence of ID"" Several hemogiobinopathies such as a or P 

thalassemia or sickle cell disease or trait may lower HE3 values? 

Hemoglobin values also change significantly with age. At birth the HB can be 

over 200 but drops to lower values within the first weeks, and by 2 months of age reaches 

its lowest value, (1 10 g/L)? The normal Hl3 range for infants 6 months to 2 years is 110- 

1 3 O g/L,?3*4"7 

Normal values of hemoglobin for black ad& are considered by some to be 

slightiy lower tban values for Caucasian aduits?" There is stiü some disagreement about 

whether racial diffierences in HB values exist. An analysis of data fiom the National 

health and nutrition examination w e y  (NHANES) i (1971-72), found that most of the 

racial ciifference between hemoglobin values for white compared to black children was 

explained by ciifferences in TS and therefore likely true differences in iron status rather 

than racial difference~.~ A study of cbildren fiom Minneapolis found no differences in 

hematocrit between aboriginal and white ~hiidren.~O 

Mean Corpuscular Volume (MCV): 

hadequate delivery of iron to the bone manow results in less hemoglobin 

production and consequently smaüer cel l~.~ '  In this way a  drop in MCV can be seen pnor 
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to the development of anemia in the presence of ID. This volumetric meamrement is 

made in s d  fiactions of a liter, femtoiiters, leiS L, (E). Measurement by 0 t h  thaa an 

electronic particle counter can r e d t  in unacceptable variatiok2 

MCV is slow to reflect the deficiency imposed by experimentaily removing a 

subjects blood at fkquent intervals MCV also cm be elevated as a result of a 

nutritional deficiency in either vitamin B 12 or folate even when there is no ID. MCV and 

HB may both be lower in individuais with thaiassemias. This explaios some of the 

discrepancy in the literature about whether MCV is a sensitive measure of ID. h a young 

population for whom blood loss and hemoglobinopathies are unükely MCV c m  be both 

sensitive and specifïc. 

MCV values nse steadily between 1 year of age and eariy adult Me. The median 

value and 95% reference range for ages 1-2 years is 79 & (67-88)? Many studies have 

used as the lower end for their cutsff to be the IOb percentile, 72 fL? Commonly used 

cut-off values range fiom 70 &24*4*45M to 75 &.J7 

Red Blood CeU Distribution Width, (RDW): 

RDW is calculated fiom the volume distribution curves produced by automated 

hematologic equipment. The method of measuring red ceU size variation was described in 

1974 by Engiand and Down? It has been advocated as a sensitive and early measure of 

iron deficiency. Unlike the other iron tests, RDW correlates inversely with body iron 

status, (as iron levels fd, RDW i~creases).'~ 

RDW bas been used with RBC in a population with a hi& prevalence of P- 
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thalassemia trait to identify those who have tme ID." RDW has some limitations relating 

to the fact that RBC size, like MCV is slow to reflect ID. This may be significant for 

children.4 ' 

Biochemicaî Tests: 

Introduction: 

Since hematological tests are not reiiable when the sample is transported 

.biochemical tests have some appeal for the remote testing situation. Methods used in the 

published studies are more diverse than the uniform redts published with Couiter 

Counten. Because of this, different studies are not as directly comparable unless ushg 

the same chernical assay. 

Free Erythrocyte Protoporphyrin, (FEP): 

FEP and RDW are the only tests to correlate inversely with declining levels of 

iron. Although its role in heme synthesis was elucidated in the 1930s its use in the 

measurement of ID did not begin until the 1 9 7 0 ~ . ~ * ~ '  The initial method involved 

spectrophotometry which was cumbersome and therefore not widely clinically 

appli~able.~~ 

The newer spectrofluorometric method, used in to analyze the blood tests in this 

study, was described by PiomellP2, showing good correlation ( r = .97) with a more 

classical method. It showed good reproducibility with a standard error of 2.3% of the 

value over multiple paired testings and 5% over the entire range. It was also found to be 
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stable over repeated determinations weeks apart, refigerated or at m m  temperature and 

even when exposed to laboratory light. It was shown to have a higher correlation with 

reduced bone marrow iron than did TS." In another study FEP was found to have the 

least within-person variance? 

FEP testing became popular in the 1970s used as a screening test in the US for 

detecting both uon deficiency, and Iead poisoning- As the acceptable level for Iron 

decreased fiom 250 pg/dl to 235 pg/dl, FEP became less effective as a dual test." FEP is 

also elevated in the anemia of chronic illness, certain infections, severe hemolytic 

anemia, and rare conditions such as certain types of sideroblastic anemia and 

p r o t ~ p o r p h y r i a ~ ~ ~  

FEP is also thought to measure a pre-anemic state of iron deficiency? In a 1983 

study of 4,160 children including 10% aboriginal children FEP was 88% sensitive when 

SF < 15 pgL was used as a reference standard. FEP even identified those without low 

femtin valued4 In a recent shidy of 26 Danish infants, the highest value was found at 6 

months then falhg agaid' Cut-off values for FEP c m  describe as uon deficient any 

subject with values above 0.62 to 0.80 poVL b l ~ o d . ~ ~ @  

Semm Ferritin, (SF): 

SF is one of the newest iron meanires and the one most closely resembling 

a "gold standardn. It is the most direct measure of storage iron and has been shown to 

reflect the magnitude of uon stores throughout a wide range of developmental changes in 

infants and ~ h i l d r e n . ~ ~ ~ ~  



nie radioimmunoassay was first desCnbed in 1972 and the= have been many 

validations of its usefulness in the diagnosis of ID in hospitalized patients.zJ0n It has 

also been favorably assessed in many population studies of chiidren and pregnant 

~ornen? '*~-~  SF was sligbtly more sensitive than MCV at identifyiog ID in children >2 

years in the NHANES II study." Although therapy with iron cm cause an immediate SF 

increase prior to the complete resolution of deficiency this does not invalidate it as a 

measurement to01?~*~~ 

A major limitation is that SF levels in adults are hown to rise up to 50 pg/L in 

patients with inflammatory conditions even though there is concurrent iron deficiency?' 

Similarly, SF is a less accurate iron test in pregnancy and fever?" When infection has 

been present, SF is the only iron test whose values trend away from the direction which 

indicates deficiency, (ie. SF increases, while HB and TS decline)12 

In an effort to conclusively evaluate the magnitude of the effect of inaammation, 

Guyatt et al. conducted a meta-aualysis of 55 studies which used a bone marrow 

aspiration as a gold standard.1s This study connmied that in the assesment of 

hospitalized anemic patients, SF is a diable estimate of body Von stores and therefore 

useN in the distinction between uon deficiency anemia and the anemia of cbronic 

disease. Using Receiver Operator Characteristic Curve (ROC) methodology the authors 

established that with an area under the curve (AUC) of 0.95 it was by far the most 

powerfbi test. Being more powemil than the other indicators in their evaluation, they 

recommended that it be the ody test necessary to evaluate uon stores. This 

recommendation has been taken up by the Ontario Association of Medical Laboratories in 
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their testing guidelines for adultsa and in other recent publicationsP 

Some have had reservations about how well femtin ceflects iron stores during the 

£kt months of Me? ûthers have reservatiom about the ability for SF to measure ùon 

statu accurately in a population susceptible to fiequent infecti~m.~ in several large 

studies it has not correlated weU with the other measures of deficiency, and specificaiiy it 

failed to ident* a significant number of subjects with anemia27J0*w Although it had 

reasonable performance in the NHANES II, there were lirnited SF values obtained in 

children under two years of age? 

A fkquency plot of SF values in a population is log-normaily distnbuted." As 

with the other tests, there is no distinct separation between normal and abnormal values." 

The lower limit of normal for SF defïned as the -2SD value was found to increase 

progressively fiom 12 to 2 1 with increasing age.'8 Suggested cut-off values range 

fkom 16 pg/L64*86 to 10 pgL? The most conimon threshold value used in pediatric 

studies is 12 ~g/L.5'*~* 

Several studies have assessed the variability of SF measurement~.~ In a study of 

addts, both SF and TS had unacceptable day-to-day biological variation. They estimated 

that 3- 10 independent measurements were required to accurately detemiiw values.36 

Another recent shidy found less day-to-day variation than had been previously 

suggested? As with HB, capiüary measurement of SF have shown only slightly more 

variation than venous s a r n p l e ~ . ~ ~ ~  

Transferrin Saturation, (TS): 



For many years it was the only non-hematologicd method to test iron status? 

Consequently it has k e n  weii studied in the hospital setting, " and in the 

c o r n ~ n u n i t y . ~ ~ * ~ ~ * ~ ~ ~  It clearly measmes ID in a stage prior to the development of anemia 

and is a valid test across a range of deficiency severity. Some investigators have found it 

to provide additional testing benefit over senun femtido9* However many studies have 

shown some diagnostic validity of SF over TS?J"96 AS with many of the other 

indicators, iron and TS increase with age. 

As a composite indicator, it is more diable than either of its two components, 

Iron and TIBC. Iron is the most labile of tests with both significant day-to-day and within 

days variation. TS results c m  Vary by approximately 20% of the morning leveL3 In 

children less than 3 years of age, though, the amount of diumal variation bas been shown 

to be limited?' 

Perhaps some of the discrepancy in TS performance between studies is related to 

different choices of the deficiency threshold. The most widely accepted cutoff in adults is 

TS 4 6% by the International Nutritional Anemia Consultative Group, (INACG)P8 In 

NHANES II a cut-off value of the 10' percentiie was selected which for the 1-2 yr age 

group was <12%.~'-" Other studies use a cut-off value of 40% for inf'mt~,~~ or 1%? 

Test Summary: 

As one cm see with a host of iron-tests, each with strengths and ümitations 

compared against different reference criteria, the selection of 'best testn is problematic. 

(A summary of each of the test properties is presented in Table 1.) In this coafiising array 
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it is difncult for either the epidemiologist or the clinician to h o w  which test to apply to 

populations or individuais. Reviews have suggested that since independent information 

is available fiom each test, population m e y s  should employ a battery of laboratory 

measurements of iron status." 

Physiology of Iron Deficiency: 

Iron Absorption: 

An understanding of the physiology of an infant's iron metabolism is critical to 

enable one to foliow trends in iron status. It also assis& in an understanding of iron 

interventions such as formula-fortification. With this knowledge we can better evaluate 

the relative strengths of ùon tests. 

Most iafmts begin M e  replete with uon received through the placenta fiom their 

mother. It was previously thought that this transfer takes place regardless of the mother's 

iron status.w'OO It has now k e n  shown that although iron is absorbed throughout 

pregnancy a m a t e d  deficiency in the third trimester as measured by SF is most 

predictive of low uon stores in the infant. t0'-103 A study using radio-labeled iron at one 

year of age indicates that 70% of body iron exists fiom what was transplacentally 

acquired prior to birth. lM 

Iron metabolism is maintained in a delicate homeostasis with Little iron lost. The 

conservation of iron is facilitated in severai ways. When a blood cell dies d e r  an average 

lifespan of 120 days the HB is metaboiized into biiirubin and other products which are 



then mody reabsorbed. In this way there is seldom a signincant net loss of iron. Of the 

5,000 mg of body iron in the adult probably less than 1 mg is absorbed fÏom the diet per 

day even though 25 mg of iron per day tums over w i t b  the hemoglobin cycle.'05 

The recommended amount of iron required by an infant has changed a great deal 

over the y e a r ~ . ' ~ ' ~ '  Cunently 0.5 - 0.9 mg of iron per day is advi~ed.~~*[* There are three 

ways of administering Von to an infatit, supplementation, (providing iron as a 

medication), the fortification of formula and the fortification of infant cereal. At nrsf 

breast-fed infants do not seem to require extra iron. Although breast-miik only contains 

small amounts of iron (0.2-0.4 mg/L), 49% of this iron is ab~orbed."~ By six months of 

age, however, most authorities recommend the addition of Von nch foods to the diet of 

breast-fed infantdl '*' l2 

The uon-fortification of infant cow-milk formulas has been recommended as a 

universal strategy since the amount and bio-availability of iron is limited. Although the 

range of fortification is wide (12.8 vs 1.1 mg iron / L), it has been shown by many studies 

to be efficacious.j4*' '"' l9 
Sornetimes infants are low in iron because of a major hemorrhage which may 

have occurred during birth or nom having ken  bom premahuely. For these infants and 

the infants bom to iron deficient mothers, early supplemental uon is important. 

For the most part, the administration of these physiological amounts of iron is 

seen as innocuous. A theoreticai problem, however, with the administration of large 

amounts of iron to a deficient individual is the potentid to promote iofectious disease 

because the iron may be more bioavailable to pathogens than to the ho~t.'~O It has even 
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been specdated that iron deficiency is a protective mechaaian against infection in 

tropical corntries. '*' 

Prevalence of ID: 

Prevalence measureà by BB: 

For much of this century the health and nutrition status of infants and children bas 

been partidy estimated through a measurement of iron deficiency. Most of these 

rneasurements have been made usîng hemogiobin meanirements of various types. The 

hi~toncal and geographical context of ID wiil be reviewed here. 

The disadvantaged children of urban centres have long been a population with 

nutritional deficiency. Helen Mackay in 1928 was the first to h d  an almost universal 

prevaience of anemia in the poor children of London's east end. She also demonstrated 

the efficacy of iron-fortificati~n.~ Guest found that 30% of Amencan urban children 

were anernic in a study conducted on 173 5 children living in Cincinnati in the 1930's; 

this was unchanged when reinvestigated in the 1950's.'" Katzrnan, in 1968 found a 

12.5% prevalence of anemia in the 10-36 month age gmup of ethnically diverse iafants 

from New Haven Connecticut and noted a relationship to ethnic group as ~ e l l . ' * ~  

In response to these trends, govemments implemented public health programs to 

address iron deficiency among disadvantaged children."' In addition to irm rich food and 

supplemental iron king administered, an evaluation of the effectiveness of the programs 

was conducted. Chiîdren fiom six states were consistently monitored by the Centre for 



Disease Controi Pediatric Nutrition Surveillance System. Socioeconomic status as 

measured fiom birth records of matemal age, education level and employment were 

examined to eosure the comparability of the populations at both intervais. These 

programs were shown to have had some effect on this pmblem as documented in 1987 by 

Yip et al." In this study the prevdence of IDA among low income US chiidren declined 

fiom 7.8% in 1975 to 2.9% in 1985. 

Unfortunately this improvement has not k e n  seen elsewhere in the US, perhaps 

because of less nutritional intervention. In a group of 1 year old San Francisco children 

in 198 1 the rate of anemia, as measiired by KE3 c l  log/', was 2S%.24 

Prevalence as Measured With Other Tests: 

For many yean the quantification of iron deficiency was iimited to a measurement 

of HB or hematocrit (HCT). These meanuements only quant@ the numbers of children 

with iron deficiency anernia (IDA). It has been increasingly recognized that counting only 

those with h d c  anemia misses the number of children with suboptimai iron stores. 

Becaw ID typically precedes ikmk anemia there will always be more children who are 

iron deficient than those with actual anemia. 

By seeking to ident* those with a reduction in uon stores without actual anemia 

we see a much larger problem. In a study of 109 infants and children of low income 

families fkom Michigan, Haddy et al used TS c l6  as weli as HB 4 10 g/L and found a 

prevaience of ID of slightly more dian 50%.126 In Montreal in 1989 a study of children 

found a 25% prevalence of anemia (Hemoglobin below 1 15 g/L) but actually 37% of 
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children had evidence of Von deficiency, ( SF 4 0  pg/L). 

There are many international studies which show similar resdts, mostly in 

developing couotnes or socioeconomicaüy deprived cbildren. (Table 2 ) Research 

conducted within developing countries assists in an understanding of ID within 

disadvantaged populations of North Amenca such as the urban poor or those in 

Aboriginai communities.ln Although CO-morbid conditions such as parasite infestations 

and hemoglobinopathies are uncornmon in native communities, the nutritional 

deprivation is analogous. 

Prevalence within Aboriginal Populations: 

The archaeological record of No& Amencan Indians possesses evidence of iron 

deficiency within individuals of al1 ages fiom time to tirne. The unaided eye examining 

skeletai remains, usuaüy the scuil, can see s m d  holes of various sizes calied Porotic 

Hyperostosis. There is general agreement that this represents acquired iron deficiency 

anemia but there is some debate as to its cause or possible evolutionary benefit. 

Traditionaily the scientinc commmity has maintaineci that the observation of porotic 

hyperostosis represents a period of nutritional stress. A newer explamtion is based partly 

on the assumption that the presence of iron provides substrate for not only the individual 

(host), but also the infectious agent. In this situation the withholding of iron is seen as a 

successfbl adaptation to pathogen stress. Regardless of the explanation, ossuary samples 

fiequently present evidence for a high prevaience of ID within abonginai groups. In the 

Fa* ossuary the prevaience among children was 38%.12' 
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Data have been coliected and adysed fiom adult huit and Indian populations in 

North Amerka even other parts of the Aretic. Many of the sadies involve the 

measurement of HB and presentation of mean HB rather than prevalence. (Table 3) 

Valberg et al in 1979, when building on the Nutrition Canada 1973 survey studied 

aboriginals in theYukon and NWT. They used HB, TS and SF to pronle iron deficiency 

in huit populations, finding a lower prevdence in the former and higher prevalence in 

the latter. No Inuit children ages 1-4 years met their strict criteria for IDA but 2 1% of 19 

individuals in this age group had a low SF and 47% had a low TS while only 5% were 

anemic .32 

An early study of Indians fiom reservations in Manitoba in 1952 showed that 73- 

85% of infants under 2 yrs of age were anemic.'" Although the extraordinary prevalence 

of anexnia has deched since then, there is still a p a t e r  than 50% prevalence of iron 

deficiency. (Personai Communication, M.E.K. Moffatt. 1996) 

In summary, the prevalence of ID has been disproportionately high within groups 

of disadvantaged infants. Children Living within the urban core and aboriginal children 

fiom urban or remote areas have had an alarrningiy hi& rate of ID and IDA. Programs to 

improve their nutritional condition are required and will need to be monitored and 

evaluated using an accurate and reliable iron-testing method. 

Cünical Epidemiology: 

Introduction: 



Cornparison of the relative strengths of each test to rneasure iron deficiency is 

assisted by the tools of clinical epidemiology. Initiai cornparisons between tests can 

involve the capacity of each test to measure the prevalence of ID withùi the popdation. 

Evaluation is based on juxtaposition of these prevalence estimates. These estimates, 

however are dependent on the cut-off values chosen. 

For a proper evduation, a test needs to be measured agaiast an extemai reference 

point. If the test measures the individual as iron deficient and the external standard 

agrees, then the test result is a '?rue positiven, The number of tests which are “truc 

positives" divided by the total number of subjects with ID gives a remit cailed sensitivity. 

'True negativesn divided by the total number without ID is cailed specincity. For 

screening putposes the test usuaily needs to be quite sensitive and as specific as possible 

but less importantly because later confirmatory tests can be applied. Sensitivity and 

specificity calculations are fimited by the following factors: choice of gold standard 

(reference criterion) and choice of a cut-off value. 

The f k t  problem is encountered because there is no authoritative external 

reference, or 'gold standard" for cornparison. If., for example, SF measurements were 

chosen as the gold standard for measuring ID, the performance of other tests could be 

measured for how fiequently they agreed with the determination made by SF criteria In 

order to make a dichotomous determination of positive or negative, a cut-off level needs 

to be applied both to the test under study and to the reference test. 

While sensitivity and specificity can help to describe the capacity of a test to 

work within a screening context, their utility must be interpreted in iight of the prevalence 
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of the condition withui the population under study. The actual predictive value of an iion 

test is proportional to the prevalence of ID in the population, (pretest probability). Ifwe 

know that there is a high prevalence then the positive test is Iikely to be a "tnie-positive". 

If there is a low prevalence, even if the test is very sensitive, the test is Urely to be a fdse 

positive, except under conditions of perféct specincity. 

Another limitation of sensitivity and specifïcity measurements is that they are 

dependent on binary decisioos of positive or negative based on cutsEvalues. An 

assessrnent method independent of these cut-offs has been developed which involves the 

plotting of sets of paûed sensitivity and specificity combination for the test. The redting 

line is cailed the receiver openitor curve, (ROC). The area under this curve can be used to 

assess the relative merits of different tests. 

Each of these limitations and solutions will now be discussed in turn: 

Normal Values and Cut-offb: 

When tests are to be applied to large populations, it is necessary to define a 

normal range. Studies for this purpose utilize the observed fkquency distribution in a 

large group nrst to make conclusions about normaiity. if the curves suggest that it does 

not follow a gaussian distribution, logarithmic transformation and the use of a geometric 

mean are required? The more representative the sample is of the general population and 

the larger the study population, the more generally applicable the estimated normal values 

are. The distribution of a variable in a population is usually an overlapping bimodal one. 

A cut-off point chosen to identify the maximum number as iron deficient while labeiing 
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ody the minimum number of n o d s  as deficient will always encompaîs those with and 

without ID. (Figure 6) For a mimodal variable the same tension exists to chose a lower 

end of normai which app-ately selects those in need of treatment. 

Usuaiiy the mean but sometimes the median and 2 standard deviations (SD) of a 

group of healthy individuals are used The exclusion of "wihealthyn individuals, however, 

is somewhat arbitrary in that exclusions must be on the basis of individuals having values 

below subjective cut-off levels of other iron tests? A specific example of the 

calculation of nomal values is found in Appendix N for NHANES II. Similar normative 

data have been obtained fiom various sources. Nutrition Canada Survey in 1973?9 

Preschool Nutrition Survey, Ten State Nutrition Survef9, NHANES 1 and patients within 

the Kaiser Permanente health care group in San Francisco? 

- 
Receiver Operator Cuwe, (ROC) Methodology: 

When using an iron test, one is interested in the ability of the test to correctly 

identiQ a subject as deficient or not. The capacity to make this determination is partially 

represented within the concept of senntivity. The opposite characteristic of a diagnostic 

test's performance is specinicity, which describes the altemate situation in which 

individuals are correctly identified as 'not deficient". Since few tests typically yield 

binary outcomes; results must be categorized as either positive or negative. When 

dealing with a continuous measurernent a "cutoff' point needs to be chosen as a threshold 

below which we cm defhe individuals as d e c t e d  and above which we can d e h e  the 

individuals as af3ected. The seasitivity and specincity of a test usually Vary inversely 

28 



according to the cutoff value chosen. The more inclusive the definition of deficiency the 

more sensitive but less specinc. Hence an understanding of a testing properties involves a 

contrast between the sensitivity and specincity of tests at differpnt cutoff values.t3o The 

Receiver Operator Characteristic anaiysis (ROC) is a rnethod to evaluate the diagnostic 

accuracy of a test independent of its k s h o l d  values. ROC methodology will be outlined 

below. 

General Principles of ROC Analysis: 

ROC analysis was nrst used to separate signal fiom noise in the early 

development of radar during the second world wad31 It was later developed to assist in 

the assessment of variability in the interpretation of radiographie films. In the last decade 

it has been widely applied in the assessment of diagnostic testing. 

In 1986 Brownie, Habicht and Cogill were amongst the fkt to use ROC 

methodology to evaluate iron tests. tn thei. paper they asserted, "The perjbmance of an 

indicator of health or nutritional s tatu dependr on sensitivi@ and specifccity properties 

over a range of cut-ofls '1 132 

There are three reasons to construct ROC curves. One is to display a visual 

representation of the testing value of an indicator. (Figure 7)  First, the shape of the curve 

is instructive. Second, the area under the ROC aiiows us to statisticdy compare the tests 

without reference to the specinc cut-off point. The final benefit is to assist in the selection 

of a cutoff point. It is possible that ROC analysis may suggest a different point than has 

been detennined by population normal studies. There are weaknesses of using ROC to 
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select a cutoff point, chiefly that the empirical use of the c w e  doesn't aiiow one to 

factor-in the relevant costs and benefits inherent in the choice of a cut-off level."' 

Because of this, altemate methods exïst, such as decision analysis which contrasts the 

implications of net cost, net benefit and p r e ~ a l e n c e . ~ * ' ~ ~ ~ ~ *  

The selection of this threshoid is problematic because one has to weigh the cost 

of not detecting individuals because of an iiisuffciently sensitive test against the 

consequences of incorrectly i d e n m g  individuais as Bected by using an insufnciently 

specSc test. The first step in selecting a cutoff point is to constnict a graph of the tme 

positive ratios (sensitivity) against the false-positive ratios (1-specincity). The redting 

plot is known as the receiver - operating - characteristic curve, (ROC).136 

Not oniy can the testhg characteristics of the curve be graphicaily demonstrated 

for the empirical choice of a cutoff value, (operating point) but two c w e s  can be 

compared against one another. Since the scale of the ROC plot of sensitivity vs 

1-specificity is on a scaie of 0-1 on both axes it is independent of the units used in the 

individual tests and therefore different indicators c m  be compared. The perfect test 

would result in a curve going imrnediately from 0,O to 0,l and then drawing a horizontal 

line to 1,l. Realisticaily cmes  are convex with better tests pointing to the 0-1 point. The 

weaker the test, the more it describes the 0,O-1,l line of "no information". The areas under 

the curves (AUC) can also be compared and the statistical signincance of the merence 

rnea~ured.~~~*'~' The AUC also represents the probability that a randomly chosen diseased 

subject is (correctly) raaked with greater suspicion than a randomly chosen non-diseased 

s ~ b j e c t . ' ~ ~ - ' ~ ~  
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Calcdations of the AUC can be made using methods which assume a normal 

distribution of the tests. The maximum-iikelihood methoci developed by Hanley and 

McNeil has been widely employed in the calcuiations of individual test areas under the 

curves which are presented with the standard enor (and synimetrical normal 95% 

confidence l imit~) . '~~ in this way cuves can be compared one with another. Small 

deviations nom normaiity are not thought to invalidate this method. 

Curves can ais0 be compared with the 'ihe of no informationn, a diagonal iine 

connecting the coordinates 0,O and 1,l. Calcdations involving the non-parametric Ma= 

Whitney U statistic are used to compare the AUC with the line of no information. The 'Z 

statistic" is used to determine the degree to which the test is superior to the Ltie of no 

information. 

It has k e n  shown that non-parametric formulations have statistical power that is 

equal to the mode1 outliwd above.'" In addition, they do not make assumptions about 

the distribution of the datat4' Although the nonparametric 'trapezoidal d e n  for 

calcdating AUC usually yields a slightly smaiier AUC than the parametric smoothed 

curve, this ciifference is not clinicaily signiîicant if the non-parametric curve is composed 

of five or more cutoff points. The AUC of different tests cm be compared with one 

another using a method which takes into account the correlated nature of the cwes. 

Because different iron tests were performed concurrently on blood taken from the same 

individual we cm capitaüze on the inherent statistical power of drawing curves from 

"correlated" sa~nples. '~*-~~ This is sirnilar to the use of paired t-tests when using the same 

subjects as a way of minimizing variation. These c w e s  are constnicted using the method 
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of DeLong, DeLong and CIarke-Pears~n.~~~ The resuiting test has a chi squarecl 

distribution which can be used to test the statisticai significance of the differences 

between the AUC of our ciifferennt tests. Iron tests with larger AUC measurements have 

superior discriminative capacity independent of any chosen cut-off values. 

Screening : 

Screening Priaciples: 

Screening is intended to idenw unrecognized disease in apparently weii 

individuds. A screening program is not intended to be diagnostic, but rather to identify 

those individuais who might benefit nom M e r  testhg or intervention." In 1968 Wilson 

and Jungner outlined principles for early disease detecti~n:"~ 

1. The condition sought should be an important health problem 

2. There should be an accepted treatment for patients with recognized 

disease 

3. Focilifies for diagnosiis and treatment should be available 

1 There should be a recognizable latent or emly symptomatic stage 

5. nere  should be a suitable test or examination 

6. The test should be acceptable to the popdatio~ 

7. The naturai history of the condition, including development fiom latent 

to declared disease, should be adequately understood 

8. The should be an agreed polis, on whom to treat as patients 

9. nie cost of case-jînding (including diugnosis and treatment of patients 

diagnoseri) should be economically balanced in relation to possible 

expenditure on medical care as a whole 

IO. Case-jinding should be a contimingprocess and not a "once and for 



The importance of ID in relation to infant psychomotor development as well as 

the efficacy of an iron intervention have been well deSCfibed?7*K16147 The choice of a 

suitable and acceptable test as well as the policy of whom to treat has ken  the main focus 

of the literature review. Decisions about the economic jusfification of a screening 

program will be addressed in the discussion. The approach to these decisions is 

conditioned by the recommendations of certain expert groups. 

Screening Recommendations: 

Canadian recommendations for the screening of iron deficiency anemia are based 

on principles of evidence-based medicine. New evidence regarding the psychomotor 

effects of IDA published since the original 1979 recommendations caused the Canadian 

Task Force on the Periodic Health Examination to reexamine the evidence. The 

Limitations in sensitivity of HB were noted, the low prevdence of IDA as weii as the 

mixed success of iron therapy on mental and motor destones. The Task Force 

concluded that there was iosufncient evidence to suppoa a generai screening of Canadian 

infaats. 

[nstead they promoted the selected screening of infants fiom families of lower 

socioeconomic status. Those with suspected poor diets shouid receive nutritionai 

assessrnent and the consideration of HB testing between 6 and 12 months. Where there is 

suspicion of poor iron intake or poor general nutrition then both HB and SF were 



advocated. 

Early detection was contrasted with an alternate approach of primary prevention. 

They also advocated dietary recommendations similar to those of the Nutrition 

Cornmittee of the Canadian Pediatrics Society who recommended uon-fortified formula 

for non-breast-fed infants. They outlined the need to postpow whole cow-milk until one 

year of age as weii as the use of iron-fortified cereals for aii term iafaats. They made no 

recommendation regarding detection of 

The U.S. Preventive Services Task Force in 1989 made recommendations that a 

screening venous hemoglobin shouid be offered once to aii  infants and that parents 

should be encouraged to include uon e ~ c h e d  foods. They explauied that the cost of SF, 

TS, and EP made them unsuitable for screening.lM The Amencan Academy of Pediatrics 

recommended at least one HE3 or HCT in infancy and at least one ages 1-4.15' HB was the 

preferred test followed by a therapeutic trial of iron for those below threshold rather than 

M e r  testing. 

Although Amencan recommendations seem to favor a more comprehensive 

screening approach, the Canadian guideluies do advocate a testing program for high-risk 

individuals and populations. A population based approach may involve a selected 

screening program according to knowledge of risk-factors or prevalence. Some of this 

idormation is determined by population health nirveys. Wilson and Iungner made a 

carefd distinction between smeening programs and population health surveys.14* The 

attempt to delineate the prevalence of a disease and its natural history within a 

population, while it may involve the identification and treatment of individu&, is more 
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directed at the quantification of the extent of disease witbia the community. The conduct 

of a population health survey is usually more intensive and may include an evaluation of 

the effectiveness of an intervention. In the context of iron testing, multiple tests are 

advocated for population surveys because of the Limitations of each of the individual 

tests? 

This information is then used to assist in the hedth planning process which may 

or may not suggest a screening strategy or one of primary preventioa. PNnary prevention 

describes the systematic effort to reduce risk factors for disease in the entire population. 

In this situation it would mean trying to eiïminate any dietary iron defecits through a 

program which inctudes breast-feeding promotion and the administration of additional 

iron-fortified infant cereal at four to six months. For those not choosing to breast-feed, it 

would include the iinifonn administration of uon-fortified formula and iron-fortified 

infant cereal. 



Methods: 
Summary of the 1992 RCT of Formuia Fortification: 

In order to understand the context of the data and the population h m  which the 

data for this thesis are drawn it is necessary to fht present a bnef o v e ~ e w  ofthe 

methods and results of the original study. The RCT was designeci to evaluate the impact 

of iron-fortified formula on infat mental and motor development.[13 

From June 1988 to April1992 infants were selected from the generai population 

of iufants attending the Winnipeg Health Sciences Center (HSC), outpatient clinics for 

entry into a study. Inclusion into the study required that infmts be less than two months 

of age and have mothers elechg to use bottle feeding. Mmts with conditions which 

could affect growth, nutrition or influence a developmental assessrnent were excluded. 

Informed, signed consent was obtained by the research associate afler an 

interview on the maternity ward, at the HSC outpatient clinic or at one of two nearby 

community clinics. Breastfeeding mothers were wt approached for entry into the study. 

The study was approved by the University of Manitoba Faculty of Medicine Committee 

for the Study of Human Subjects in Research. 

The effect on children of the consumption of iron-fortified formula (12.8 mg iron 

per liter) versus regular formula (1.1 mg iron per liter) was measured. Attention was paid 

to conventional bhding and randomïzation procedures. Analysis was conducted on the 

descriptive variables by treatment group to determine the effectiveness of c a n d o ~ t i o n .  

The equivalence of treatment groups was confkned in the original paper. 



Data Collection: 

Figure 8 presents a surnmary of the timing of data collection and the numbers of 

infants available for assessment. Although not d subjects had the complete set of 6 iron 

tests at each foliow up visit there was a cohort of 225,204, 186 and 154 at the 6,9, 12 

and 15 month assessments respectively. (Table 4) 

For the original study two types of data were collecteci: 1) vanables describing the 

bio-demographic characteristics of the infants and their families and 2) variables related 

to their iron status or psychomotor development Demographic and descriptive data were 

collected during interviews conducted prior to the infànts' third month of M e  and before 

randomkation. Sociodemographic variables were coilected and the information was 

supplemented by a review of the hospital records. 

Sociodemogra phic Variables : 

Since these visits did not actudy take place on the iafmts' birthdays, the range of 

ages are described at each "assessment age". Age was recorded in months as a decimal. 

(Table 4) The study group was composed of 55.4% (124) males and 44.6% (100) female 

approximately evenly divided across both anns of the study. 

The original study examined other sociodemographic variables and measures of 

infant stimulation to examine for inequaiity between groups and with the exception of a 

slight excess in history of matemal alcohol abuse (17133 vs 8/25) none was found. The 

study employed Hollingshead's "Two Factor Index of Social Positionn as a way to profile 

the economic and social status of the infmts rn~thers.'~~ This index was chosen to detect 

more subtle deficiencies in the original randomization. 
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Cbical Measures of Iron Status: 

Aithough descriptive variables were collecteci at appmximately 2 months of age 

there were no blood tests taken until several months der the intervention with iron- 

fortified formula had begun. There were four follow up assessments during the study 

which were spaced three months apart. Because these took place at approximately 6,9, 12 

and 15 months of age they will be referred to as the 'six month assessment" or "nine 

month assessment" etc. 

During each of the four visits, after an assessment of infant developmenf the 

study nurse drew venous samples f?om the infmt. These were taken fiom 9:00 to 4:30 

p.m., though most were in the moming. The samples were traasported the same day to the 

laboratory and were handled according to protocol. Ail laboratory testing was conducted 

in the clinicai laboratory services of the Heaith Sciences Center of Wipeg which takes 

part in a rigorous internai and extemai q d t y  control program. 

Coulter Counted, Hematologic Variables: 

The HB, MCV and RDW were automatically measwd using a Coulter Counter 

(mode1 STKR; Coulter Col, Hialeah, Fla*). Results are reported in SI units; HB glL, 

MCV fl., and RDW %. 

Biochemical Variables: 

Free Erythrocyte Protoporphyrh, (FEP) pmollL was measured using the 

extraction and fluorescence method of Piomelli ;" Senun Femtin, (SF) pg/L., was 
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measured with the Abbon LMx me?hod (Abbott Laboratories Abbott Pa& m.); 

Transferrin Saturation (TS) % was calculated using the formula: S e m  Iron / Total h n  

Binding Capacity (TEK) x 100. S e m  Iron was measured with the Kodak kit (Eastman 

Kodak Col, Rochester, N.Y.) and TIBC with the Kodak kit (with magnesiun citrate 

precipitation). "' 

Methods Used in This Thesis: 

Introduction 

This thesis used secondary data analysis of a longitudinal data-set containhg 

multiple measures of iron status on a cohort of abonginai children to answer the main 

question: Which test or tests of iron deficiency are most appropriate to apply to the 

measurement of iron deficiency in high risk and potentially m o t e  abonginai 

populations? 

Data Management: 

Data Transfer: A data file was transferred fiom the maidkame of the University of 

Manitoba computer via diskette and iastalled on a 586 desk top computer nuuiing 

Windows 95 and Sas 6.1 1.  nie nle contained unique subject ID numbers and variables 

comected to each individual, however no persod identifiers were included in order to 

mainiain confidentiality. 

Using SAS software (SAS Institute, Inc., Cary, N.C.), data were manipulated to 



examine the relationships between different measures of iron status and the extent to 

which they measure the outcome of interest, iron deficiency. New variables cfeated to 

answer the s p i f i c  questions are outiined below. 

Ethics: 

Ethics approval was obtained fiom the University of Manitoba Faculty of 

Medicine Commîttee for the Study of Human Subjects in Research for the secondary 

analysis of this data. Codidentiaiïty was easured through the absence of personal 

identifiers in the dataset, 

Data Perspectives: 

The structure of the data permitted the examination of information in three 

different ways. First, cross-sectional analysis was conducted, (Figure 9). It was possible 

to make four distinct sets of observations at ages spaced three months apart. At each of 

the intervals age-specific information about iron status within this population was 

examined. Secondly, cornparison of the data fiom each of the intervals ailowed for the 

assessment of changes in the group over time. Within each of the cross-sectional studies, 

differences between the testing properties of each of the iron tests was examined. 

The third type of d y s i s  involved the examination of the relationships between 

an individual's Von test at one assessment and the same individuai's iron test(s) at a 

subsequent assessment. Finally, iron test results were analyzed according to treatment 
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group. The gmup receiving iron-fortified formula represented a lower prevalence 

population. An assessment of the performance of indicators within this lower prevalence 

population was therefore possible. The data h m  iafmts receiving reguiar-formula 

permitted the assessment of test performance in a higher prevalence population. Data 

fiom both groups combined contained a complete range of uon status values. 

Means: 

Since values for the iron tests are continuous variables. Mean values and standard 

deviations, (SD) were calculated for ali of the study subjects together as weil as 

separately for those receiving iron-fortified formula and those receiving regular formula. 

Logarithmic transformation of the semm ferritin values and calculation of geometric 

means was necessary because red ts  did not foiiow a normal distribution. 

Correlation Coefficients: 

In order to evaluate the degree to which tests seem to measure the same property, 

Pearson Correlation Coefficients were calculated for al1 tests at the six month visit and 

presented in tabuiar form together with 'p" values as a test of statistical significance. 

Mean Values Within Ranges of Hemoglobin Values: 

Hemoglobin values provide a f d a r  fiame of reference for chicians and 

"anexnia" has been the traditionai proxy for ID. We therefore grouped study subjects 

according to their hemoglobin values by ranges of 10 g/L. The expectation was that those 



individuais withùi the lower deciles should have lower vaiues of SF, TS and MCV and 

higher vaiues of FEP and RDW. It was also expected that the mean test vaiues fiom each 

HI3 group would paraUel the HB increments. The mean value of each test withia the 

HI3400 cluster was examined in order to suggest an emperical "cut-off" point for each 

test. 

Operationaily, aü HB values were divided by 10, made into an integer, then 

multiplied by 10, dividing the study subjects into the following 6 groups: 

80 = those with HB values ~ 9 0  gL 

90 = those with HB values ~ 1 0 0  g/L, 

100 = those with HB values 4 1 0  gR. 

1 10 = those with HB vaiues 4 2 0  g/L, 

120 = those with NB values 4 30 gR. 

130 = those with HB values > 130 g/L 

Selection of Tut-off Points: 

Having reviewed the literature regarding the wide range of suggested "cut-offs" 

for each of the tests it was difiicult to select the most reasonable point for application to 

this population and age group. This was especially true for MCV and FEP. In order to 

veri& the chosen threshold value, the effect of varying this 'cut-ofY point on respective 

prevalence estimates at the 9 month assesment was examined. 

Estimates of Prevalence Based on Published Criteria: 

The prevalence of iron deficiency was calculated for the total study group, for 

those who received iron-fortified formula and for those who did not. The estimated 
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prevalence of [D was denwd as the aumber of individuals possessing a value below the 

accepted threshold for each indicatm accordïng to published criteria. These widely 

accepted thresholds were determined using population normative data h m  large studies. 

In most cases the mean and two standard deviatioiis of values for populations of well 

children define the 'normaln range, below which subjects are defïned as deficient. Wshg 

these criteria each test was compared to the othen according to the number of individuals 

that each test identified as iron deficient. 

For HB an individual was designated deficient if below 1 10 g/L,. Most studies 

support this level though some accept cut oEs at 105 and some L 15?3A5 For MCV the 

choice of cut off fiom the synthesis of literature is between 70 and 73?3 In a study of 

2,3 14 white children near sea level without other evidence of anemia, Dallman et al 

determined the lower limit to be 70 for children 0.5 to 2 years ofage? Other sources also 

specifically support a cutoff of 7O.I3*l4 The utility of this value, however, seemed W t e d  

as evidenced by reSUIts of the &ta analysis. Operationally many pediatricians workhg 

with populations of aboriginal children to detect [D employ the 74 & cut-off, (Personal 

Communication, January 1997, M.E.K. Moffatt). This study therefore utilized a cutoff of 

74 fL. 

The accepted threshold for RDW is also controversial and like MCV may Vary 

with the actual automated machine making the determinations While the general cut-off 

is recommended as 18%'3s8, at the laboratory where samples for our study were analyzed 

1 1.5-14.5% is the accepted range for dl ages. For this study it was decided that any 

infant with a value above 14% was to be considered iron deficient and this is consistent 
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with other published ~hiciies.~"*~" 

For FEP, there is some debate about whethet t&e upper b t  of normal should be 

35 or 45 pg/dl based on population studies of childred8 In 1993 the American Academy 

of Pediatncs (AAP) Cornmittee on Nutrition recommended a threshold of 30 ~ g / d L . ' ~ ~  

For this study the detedat ion of deficiency is based on the accepted threshold of 'any 

value greater than 35 pg/dln.13*66 Because the laboratory values used in this study were in 

S .I. units, the conversion factor 0.0 177 was used to arrive at the threshold s0.62 poUL. 

For SF, many snidies use a cutsff value of 10 pg/L for this age group, 24JS but the 

more widely accepted deficiency dennition for children in the nm two years of Life is any 

value less than 12 pgLng8 For TS any infant with value less than 10% was considered 

to be iron deficient. I3  

Estimating Sensitivity in Absence o f  a Gold Standard: 

For most published studies which evaluate diagnostic tests any new test is usually 

compared to an established test, ideaily one that is the most accurate and therefore 

referred to as a 'gold standardn. "Semitivityn is a measure of the tnie positive fiaction of 

the new test. in the context of this thesis "sensitivity" is idealiy the proportion of 

individuals identified as iron deficient who are truly iron deficient. 

in the absence of a true 'gold standardn, to arbitrate which individuais are 

correctly identined as deficient nom those falsely identified, this shidy was limited to 

comparing each test agaiost all others. We began by sequentiaiiy ailowuig each test at an 

accepted cutoff value to be the sunogate "gold standardn. If we consider an example in 
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which MCV is the 'gold standardn and attempt to calculate the sensitivity of HB we can 

construct a 2 x 2 table with MCV on the horizontai axis and HB on the vertical axis. 

Study infmts can fdi into one of four cells; 

a: true positives (Von deficient according to both tests) 

b: false negatives (iron deficient accord@ to HB but not according to MCV) 

c: false negative (iron deficient accordhg to MCV but not according to HB) 

d: true negative (normal values according to both tests) 

The "sensitivity" would be a/a+b. 

The specificity would be dh+d 

If we then alter our perspective to consider the sensitivity of MCV with HB as the 

"gold standardn along the horizontal axis the 2 x 2 table rotates about the diagonal axis 

fiom the previous sample calculation. The values in the ceiis change because although the 

numerator is the same, the denominators change. The totals for the rows now become 

totals for columns. 

To present the multiple combination of 2 x 2 tables of sensitivity and specificity 

would be unwieldy. Unfortmately there is no combined measure of 'average sensitivity" 

and so the series of sensitivity/specificity calculations are presented in a larger composite 

table pattemed &et Mahu, 1 990.'3 

The reference test is presented along the top row, with the next row indicating the 

numbers of subjects identified as deficient by that test at the accepted threshold value. 
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Below that, the estimated sensitivity values of the cornparison tests are presented in him. 

By scanning across a row for each of the tests one cm gain an appreciation of the relative 

sensitivity of the test as weii as which test is most concordant with which. 

The fdse negatives, false positives and the total numbers of subjects axe not 

displayed in the sensitivity or specincity table in order to simplify presentation. An 

evaluation of sensitivity requires that both iron tests were conducted on each subject. The 

total number of subjects under consideration in each ceil varies with each cell of the table. 

It is a bctioo of how many individuals had a laboratory detennination for both tests. 

A table for estimated sensitivity and one for estimated specificity was constructed 

for values at the 9 month assessment, which is the conventional age selected for ID 

screening. 

ROC analysis: 

Sensitivity and Specüicity Measuremenh at Dinemot Cut-off Values: 

Introduction: 

As discussed in the previous sections, the selection of cut-off values, while 

governed by scientific methodology, is lùnited by inherently empirical and subjective 

choices. Even the estimated serisitivity calculations involved the use of a surrogate gold 

standard which is ody as accurate as the cut-off value selected. It was therefore desirable 

to utilize a technique which could evaluate the relative strengths of dinerent tests 



independent of cut-off values. Consequently the remahhg analyses were conducted 

using receiver operator curve anaiysïs, (ROC) to compare the ske of each tests' area 

under the curve, (AUC). 

Because one of the tests, SF, has values which do not foilow a nomial distribution 

and because non-parametric methodology does mt  sigtüfîcantiy reduce the ROC AUC 

when more than 5 points are avaiiable, a non-patametric ROC method was chosen. The 

method of Hanley and McNeil was used to compare individuai cuve's AUC with the Luie 

of no The resulting test is cded a Z score. Cornputer software, (ROC 

200), was used to assist in the complex plot and calculations involved in working with 

nonparametric distributions of the indicator. This software performs chi squared 

calculations to provide two-taiied p values in order to test the significance of Merences 

between each of the tests' m a  under the ROC curve and the theoreticaîly minimum area 

which would provide no discriminative power, (the area under a diagonal line on the 

ROC graph, the ihe  of no infomation).lH 

It was also possible to compare each of the iron tests with one another for 

statistically significant diiereaces. Because the data structure was such that each 

laboratory determination was made on the same mbjects, the between subject variability 

was limited and the method of "correlated ROC cuve cornparison" was 

~ t i l i z e d . ~ ~ ~ * ~ ~ ~ * ~ ~ ~ ~ ~ ~  This analysis is similar to paired t-testing and allows for greater 

inference to be drawn 6om smder subject numbers. Cornparisons were conducted 

between two and three tests at a the. 

The software employed for this adysis required that several changes be made to 
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the variables. The program required the use of integers between O and 200. In order to 

supply only integers for d y s i s  the origiaal &ta values were 'romded up" by adding 0.5 

and taking the integer. (This was necessary for MCV, RDW, FEP and TS). In the case of 

FEP, the values had to multiplied by 10. Because the method involves rank-ordering the 

sensitivity-specincity pairs, changes in absolute test values do not affect the cornparison. 

There is no bias resdting h m  reducing the number of sigaincant digits in the laboratory 

value or in 'roundhg up" since the rank order of test results remain the same. Aithough 

the loss of signifïcant digits results in less unique labonitory values, it does not effect the 

number of points on the sensitivity/specincity graph as long as the number of points is 

greater than 5. 133*139 

The program also amimed that higher scores, rather than lower, are associated 

with a higher nsk of havhg the disorder in question. Since our outcome of interest is iron 

deficiency and lower values for HB, MCV, TS and SF are associated with deficiency, in 

order to make ROC cuves sweep in the proper direction, data values were transformed 

by subtracting their respective values f?om the maximum value obtained for each iron test 

at that assessment age. For RDW and FEP this transformation was not required. 

In each of the analyses subsequently described we compared the test under 

consideration with a reference test or series of tests. Again, because no 'gold standard" 

was avaüable, it was necessary in each of the following sections to define a "gold 

standard" according to the specifïc objective of the analysis at hand. These alternate 

reference standards were denved fiom whichever tests were not being compared at that 

assessment age. In two analyses the longitudinal na- of the dataset was used to 
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demonstrate the ability of tests to predict an outcome three months later at the next 

assessrnent age. The outcome of interest, an ongoiag drop in HB or a rise in HB in 

response to treatment becarne the de-fat0 "gold standard*. 

Gold Standards: 

The first analysis in this series used evidence of a rise in HB in response to 

treatment as presumptive evidence of prior ID. Even those individuais with a n o d  HB 

value, if they increase by a sigaincant amount &er receivhg iron are deemed to have 

been deficient. The second analysis, based on the theory that iron deficiency happens in 

stages considered that a &op in HB couid be anticipated by low values of other tests 

which are thought to precede merniaThe third analysis, capitaliniig on the generally 

accepted position of femtin as the best measure of iron stores, ident5ed individuals 

below a threshold value of SF as deficient This served as a concurrent gold-standard. 

In the ha1 anaiysis a composite dehition of deficiency was employed using 

three hematological tests in parailel. Individuais were designated as deficient if they had 

any of the foliowing: anemia, (Hi34 10 gL), microcytic celis, (MCV r14 &) or 

anisocytosis, (RD W > 14.5 %). In this analysis the relative strengths of FEP, SF and TS 

were compared. 

ROC analysis with 'Gold Standardn: Responden ta Iron Therapy: 

Previous studies have demonstrated that one of the best ways of truiy identifjing 

which individuals have ID is to document an increase in the HB value d e r  treatment 

with iron. Responders to uon therapy are retrospectively defhed as having ken iron 
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deficient. This study utilized the longitudinal natute of the data-set to select those 

individuals fiom the treatment group whose hemoglobin rose by 0.5 g/L between die first 

and second or the second and thud assessrnent age and tried to determine if the other 

indicators identified them as ùon defkient at the previous visit. AU subjects within the 

fortification a m  of the study were considered for this analysis because regardless of the 

amount of iron received the objective was to determine if an iron test at the-1 wodd 

predict that a rise in HB shouid take place at tirne-2 with iron administration. ROC 

analysis was w d  to examine the sensitivity and specificity of iron tests separately at 6 

and 9 months to ident* those who would respond to Von therapy at 9 and 12 months 

respectively . 

ROC analysis of Hemoglobin Trajectory: 

Hemoglobin levels which in some subjects f d  over time shodd be preceded by 

changes in the other indicators. The longitudinal nature of this data set provided the 

opportunity to observe the naturai evolution of hemoglobin levels in aü subjects, but 

especially in those who were not receiving Uon-fortified f o d a  This analysis was 

conducted on the whole population rather than on just the unnipplemented arm of the 

study because even some individuals within the iron-fortified arm d l  exhibited declining 

HB values. Within the fortified arm of the original study the amount of supplementary 

iron was much smaller than the dosage conventiondy used for the actual treatment of 

anemia. Five individuals with profoundly low hemoglobin values @XE3 4 0 )  received 

treatment doses of iron in the original study. These individuals were included in this 
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analysis because although the treatment with iron may have created @noisen, the redts  of 

the anaiysis wiih them included provided a clearer separation between AUC v h s .  

These resuits are presented in tabular fonn with AUC and Z statistics. Separate 

calcdation of correlated ROC cunres are presented including the x2 value with a fiEaild 

test of sipnincance.. 

ROC Analysis with Semm Ferritin as a Referenee: 

The literature suggests that SF is the nrst parameter to become abnormal in the 

development of a deficiency state. It is possibly also the f3st to correct when iron status is 

being rectified. This may happen even ahead of the hematologic indicators (HB MCV and 

RDW). We therefore examined the performance of the non-femtin tests, (HB, MCVy 

RD W, FEP and TS) with a femtin standard in the unsupplemented group. Those with a 

femtin value below 12 pg/L were defhed as deficient. 

ROC Amalysis of Biochemical Variables Compared with Hematological Variables: 

Ultimately, this paper has set out to make recommendations regardhg population 

surveillance in aboriginal communities. Clusters of aboriginal people live in urban areas 

as well as areas which are remote or isolated fiom major centers and associated 

diagnostic facilities. Because it is impractical to move large, expensive. computerized 

hematological equipment to these communities and because altemate hematological 

methods are not as reiiable, it is useful to assess the biochemical indicators in cornparison 

to the hematological ones. The biochemical tests are less susceptible to deterioration with 
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t h e  and transport. If comparable with the hematological ones, in spite of their higher 

expense, they couid be weii applied to the evaluation of iron stores in these isoiated 

settings. The 'maximaln hematologic definition used for the ROC analysis considered as 

deficient ail subjects with the foliowing values: HB < 11 0 gfL or MCV < 74 fL o r  RDW 

>14%. (because 'or" rather than "andn was chosen in order to maximjze the number of 

subjects which would be defied as Von deficient). Using this composite definition it was 

possible to compare the performance of the other tests, FEP, SF and TS identifying these 

iron deficient individuais. The data requîrements necessary for the computer program to 

compare correlated ROC curves required that there be equal numbea of subjects for each 

test curve king compared and they each be presented in sequentiai order with 'y" or 'nw 

values for deficient or not. Because of this, the data were presented for analysis accordkig 

to their subject ID number and were removed fiom consideration if there was not a 

complete set of determinations for each of the three biochemical tests. 

In order to evaiuate the numbers included in this *maximal definition", a form of 

"sensitivity anaiysisn was undertaken. The analysis was repeated five times using 

deficiency definitions incrementaily inclusive to demonstrate the effect of higher cut-off 

points. hitially using the conventional *memian dennition, 'HI3 less than 110", then 

including those with both HB < 1 10 and MCV < 70. Next it was recalcuiated including 

any of three hematological panuneters in the deiïnitional statement; HB<I 10, MCV (70 

and RD W > 18. The founh d y s i s  increased the RD W cut-off to RDW > 14. Finally the 

"maximaIn definition was employed as outlùied above shifting MCV to (i4. 

The signincance of the ciifference between the AUC values for SF, TS and FEP 

52 



and the line of no information were dculated in the standard method, the clifference 

between test areas under the curve was compared using the method taking into account 

the conelated nature of the ROC curves. Power calculations were coaducted to estimate 

the minimum sample size to find a merence between AUC values assuming 

independence of  variables. Calculations were made for a range of alpha and beta errors. 



Resuits : 
Results of the Study From Which the Data Originated: 

Sociodemogipbic Variabks: 

The economic situation of this population of children is perhaps best described 

with the statistic that (94%) 189 had parents who were unskilied laborers or were 

unemployed. There was a range of family structures represented in the study population 

(Figure IO). The majority involved the support of extendeci family, usually parents or 

grandparents. Eight percent of the infant's mothers were single parents; twenty five 

percent of mothers were Living with a parfner. For 35% of the study infants the mother 

was not üving with the child. 

Since educational level is a correlate of socioeconomic status, a measuement was 

made of the number of years of school completed. This categorical variable begins with 1 

for grade one and could continue beyond 12 for pst-rnatriculation training. (Figure 11) 

The population of infants studied in this trial came fiom an underprivileged segment of 

society. This is evidenced by the fact that only 50% (121) oftheir mothers had completed 

junior high school (grade 9) and only 7.4% (15) had completed a high school education. 

This is in stark contrast to the educational attainment of the general Manitoba population 

for whom 83% of women between age 20-29 have completed high school.'" The mean 

age of the mothers in this study was 22.6 5.5 for the iron-fortified group and 21.8 * 4.8 

for the regular formula group. 



Results from this Thesis: 

Analysis of Iron Status Tests: 

Mean Test Values: 

Figure 12 presents the rnean values of each Lon test for the total group and Figure 

13 contrasts each treatment arm at each foilow up visit. Two types of patterns in the data 

are apparent. First, there are trends which c m  be seen over time and second there are 

ciifferences between the fortified and doaified amis of the snidy. 

For the HB series it is evident that the arm receiving iron fortined formula is 

uniformly higher than the regular formula am. The other trend is an increase over time in 

hemoglobin values in both study arms. For MCV, RDW, SF and FEP there is a persistent 

diEerence between anns of the study but there is no evidence of a temporal trend. For TS 

there is a simiiar Merence between study amis and a step-Wise increase similar to Hl3 

over tirne. 

It is consistent with our understanding of iron deficiency and the meamrement 

properties of each of the six tests tbat the differences observed between the iron-fortined 

and unfortified a m  are positive (infmts receiving fortified formula have higher scores 

than those receiving unfortifïed) for the tests HB MCV SF TS. The differences are 

negative (eg. the r e d t s  in the unsupplemented group are higher than the suppiernented 

group for the tests RDW and FEP). 

Horizontal lines have been drawn at the level of the cutoff value dehed for use in 

this thesis. Until the means are presented separately for each arm of the study, the cutoff 



value is not close to the mean. However, when we separate the dort ined h m  the 

fortified group, the meam from the group receivuig unfortifled formula are sornetimes 

beyond the cutoff value, ( ie. six month mean for HB, two RDW meam and aLi FEP 

means). It is worth noting that each test seems able to measure the effect of formula 

fortification as seen in the merence between the means for each group. 

Correlation Coefficients: 

Pearson correlation coefficients are presented in Table 5; Log SF was used for the 

comparison. Whüe aU tests have some degree of correlation and the direction of the 

correlation is as expeçted (with EtDW and FEP opposite to the others), there is a lesser 

degree of correlation amongst the biochemical tests than the hematological tests. There is 

more correIation between MCV and SF or TS than between SF and TS. Most of the test 

are sigoifcantly correlated (p > 0.05 to p >0.001). Only FEP and HB or log SF do not 

correlate. 

Mean Values Within Hemoglobin Clusters: 

The five tests, MCV, RDW, FEP, SF and TS were compared with hemoglobin 

values at the 6 month assessment age by observing their increase in mean value with 

increasing hemoglobin values grouped in clusters of 10 gldl. (This assessment age was 

chosen because there was the most separation between iron tests) Bar graphs of this 

comparison are presented in Figure 14. The best separation between contiguous groups is 

seen between TS mean values. TS also has the most consistent parailel increase with 
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hemoglobin as HI3 groups inmase- Ali tests have a distinct separation between the 80 

and 90 g L  groupings, but the means of tests other than TS tend to becorne more equal in 

the higher HB groups. 

The mean test value within the 100 g/dl gtoup could be considered as a mggested 

cut-off vaiue for that test. This HI3 group represents the cluster of individuais hovering 

just below the accepted d a  threshold for this age, (1 10 gL). In the case of MCV it 

cornes at 75, RDW 13.9, SF 20, FEP 0.8 and TS 12. For MCV and SF these are higher 

than expected. 

Selection of Cut-offs: 

Figure 15 displays the effect of progressively iacrementd cutsff values on 

prevalence estimates. This provides support for the selection of MCV q 4  fL and FEP 

>0.6 1 pmoi/L. Using these cut-off levels 3040% of the total group is identified having 

ID at the 9 month assessrnent compared with 10 to 20% with the literature based cutsff 

levels. One can see that MCV a 0  fL and FEP < 0.8 pnoi/L Lücely underestimate the 

prevaience of ID. 

Estimates of Prevalence Based on Chosen Cut-off values: 

These results are presented in two figures. Figure 16 presents the various 

prevalence estimates as measured by different tests in four separate bar graphs, one for 

each follow up visit. Figure 17 displays the same information grouped by test in order to 

present the evolution of prevaience over time. Estimates of the prevalence of ID Vary 

according to which test is selected and the cutsff value that is chosen. There is a wide 

variation in the estirnated prevaience of ID at each foliow up visit. For example at the 
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nine month visit the HB test identified 30.8% of the infants as iron deficient whereas if 

the MCV cutoff value was chosen to be 70 fL only 18% would have ID (when the 

threshold was incteased to 74 fL the percentage was 55). However at the 15 month visit 

Hl3 identified 12.9% as iron deficient whereas FEP identified 34.3% and SF identified 

3 9.2%. 

Estimated Sensitivity: 

Table 6 introduces a sample calculation of a pair of 2 x 2 tables for MCV and HB 

and explains how the denomimitor shifts when the defining test changes. Cell "an in this 

table wili be the numerator, (and the number in brackets) within each of the sensitivity 

cells seen in the composite table of estimated sensitivity for the 9 month assessment (7). 

For example, of the 60 infants who were identified as iron deficient by the HB test, only 

30 of those, (50.9%) were also identified as iron deficient using SF. Moreover of the 85 

identified as ùon deficient by SF only 30 (36.1%) are also judged iron deficient by HB 

thus leaving 45 subjects whose iron status is equivocal. HE3 and MCV have the lowest 

numbers for sensitivity although not dtamaticdy different nom the other tests. 

Table 8 reports on the estimated specincity at the 6 month foliow up visit. Here 

we find evidence of greater agreement. This makes clinical sense since there are more 

individuals who are not iron deficient and therefore more chance for agreement between 

tests. AU of the tests are approximately 70980% specific except SF which is between 60 

and 70% specific for ail of the tests. 



ROC analysb: Sensitivity and SpiBcity Mcisurements at Düferent Cut4Vaiues: 

Hemoglobin RM as Evidence of Prior Deficiency: 

Table 9 presents the &ta h m  this aaalysis. HB appears to be the best predictor 

of mbsequent rise in HB with treatment based on AUC values. AUC values for TS 

however are almost as hi&. Tests of agniscatlce between AUC vaiues were not 

conducted as they are relatively close for HB, MCV (9 mo), RDW and TS. The Z scores, 

(merence fiom the Iine of no information), are only significant for HB. 

Hemoglobin Trajecto y: 

Table 10 presents the red ts  of this aoalysis. There were 34 children identified as 

anemic at the 12 month visit. The denominator is sligbtly smder with some of the other 

tests because of rnissing values, (which are presented in the second column). The smaiier 

n shodd not have afTected the caiculation of AUC values or Z scores. 

HB has the highest AUC ( 0.7941) and therefore HB at 9 months is supenor to the 

other tests at the prediction of a low HB at 12 months. MCV has a similar value, 

(0.7366). The TS AUC is the next highest, 0.7346. Using the method of comparing 

correlated ROC curves in a three way cornparison, HI3 is significantly different from TS 

or SF, (xZ value = 6.6430 with two taiied p of 0.036 1). 

By comparing individual AUC vaiues with the h e  of no information, all except 

FEP achieve statistical signincance. Although they are each significantly different fiom 

the Line of no information they are not significantly different fiom each other. 
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ROC Anaiysis with Semm Femtin as a Refereace: 

Because femtin is thought to be the best measure ofiron stores the analysis in this 

section considers ferritin as the "Gold Standard". ROC curves were drawn and AUC 

caiculations made for the cornparison of dl non-femtin indicators with femtin at the 

same thne period. The cut-off value for ferritin as a reference was any value less than 

12pgiL. The two types of observations which can be seen fiom Table Il, which is a 

summary of these calculations, are the values of each of the curve areas at one point in 

t h e  and the cross-sectionai trends in curve area with each successive assessment age. 

The accuracy assessrnents of the non-femtin iron tests as measured by their AUC 

are not of a great magnitude. (The AUC values, like the ones in the last two analyses are 

small, ie. between 0.56 and 0.72). MCV has the highest values, which is consistent with 

the hi& degree of correlation between SF and MCV as seen above with Pearson 

Correlation Coefficients, (Table 5). Calculations were done for values at d 4 samphg 

ages to assess for any age related effect. Although average AUC values were not 

calculated one cm see that ail values are between 0.6 and 0.7 and although mostly 

sigmfïcantiy Mecent fiom the h e  of no information they are not different fiom each of 

the other tests. 

With ody one exception the AUC values become srnalier at each assessment age. 

(TS at 15 months is slightly higher). The z scores are similarly higher at the nrst visit 

except for MCV and RDW where they are slightly higher at the 9 month visit. The AUC 

values become less over the follow-up time of the study. 
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Bioehemical Variables Compared with Hematologkal variables: 

The AUC cornparisons were conducteci on the cuves for each biochemical test at 

each of the foliow-up intefvals including a chi squared test of signincance (Table 12). 

The gold standard was a maximal hematologic definition of deficiency (most inclusive). 

This utîlizes a parailel combination of either HB 4 10 g/L or MCV44 & or RDW 

>14%. The AUC values are most significantly different at the 6 month foiIow-up 

assessment. At the 6 month visit the maximum separation of AUC values is seen in the 

ROC curves presented in Figure 19. TS has the highest AUC 0.7764. in a 3 way 

comparison the x2 is 5.5 113 with 2 dfand a P, 0.0636. In a 2 way comparison TS vs 

SF at ldf, X' is 4.523 1, Pz,, 0.0334. 

This, however, was the only signincantly merent AUC value. AU of the others 

were between 0.65 to 0.70, (TS at 15 months was slightly higher). Even the AUC value 

of 0.78 is not in the range of AUC values seen in other evaluations of diagnostic tests 

where 0.8-0.9 is more convincing. There is probably Little to recommend one test over the 

others based on this analysis. 

Ln order to assess the choice of the reference definition we altered the definitionai 

statement in the gold standard, (this is a fom of 'sensitivity analysis"). This is best done 

by confining consideration to the tests taken at the 6 month assessment where the 

maximal separation of AUC values is seen and the maximum number of individuals are 

ùon deficient. Table 13 àisplays the inmemental benefit of making the definitional 

statement more inclusive. In the third row RDW >18%, 77 individuals are identined as 

deficient. In the fourth row however, establishing a more inclusive threshold for RDW 
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(any value greater than 14%) resuits in 97 individuais identified as deficient (20 more!). 

This translates into higher AUC values for each biochemicd test and also inmases the 

significance of their ciifference. Shifting the MCV threshold to 74 fL added an additional 

six deficient individual at the 6 month visit The observation that using the maximum 

definition increases the number identified as uon deficient by a third supports the 

proposition that there are many individuais with pre-anemic ID who need to be identified. 

Power calculations were conducted assumuig variable independence in order to 

consider the minimum sample site to reliably measure the merence or lack of a 

dBerence between ROC cuves. We were not able to factor correlation into this power 

cdcuiation. Table 14 presents the cornparison between TS and SF. The sample sizes 

required for even a 5% alpha and 20Y0 beta are more than were present in the data 

available. The data however can assume test results to be correlated with a statistical 

benefit similar to the paired-t test. Because the correlated nature of the ROC curves 

enhances the power of our study, the lack of difference between some of the c w e s  

presented is unlikely to be a result of an Uisufncient sample size. 

Summaq of Results: 

1. Several of the analyses withh this study re-confirmed what was known fiom 

the literature and the RCT from which the &ta originated: that there is a signincant 

benefit nom the administration of iron-fortifïed compared with regular fonnula to non 

breast-fed infants. 

2. An interestkg fïnding of this study was the high prevdence of ID at the 6 
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month assessment when infants are s t i i i  thought to have oniy begun depleting their 

matemally acquired iron stores. Recommendations for iron screening late in the first year 

of life may be unnecessariiy late for individuais within a high risk population. 

3. The selection of cut-off values for MCV at 74 fL and FEP at 0.62 pmoVL was 

demonstrated to be more useful than the more restrictive cut-off values suggested in the 

literature. 

4. Biochemical tests for ID, especiaiiy SF, have been advocated as being 

signincantly superior to a HB assessment. From the analysis of predicting Hl3 trends 

there is no clear benefit to the use of biochemical tests for the detection of infants with 

pre-anemic deficiency. TS and FEP are as equaliy useful as SF. Where available, 

hematologic tests such as MCV and RDW may be used together with Hl3 to increase the 

numbers identified as deficient. How many of these additional individuais are tnily 

deficient could not be determined by this study. 



Discussion: 

Shidy Limitations: 

The availability of secondary data permitted the cornparison of iron tests. One is 

forced to be opportunistic with secondary data rather than constmcting data collection or 

an intervention to answer specinc questions. The chief limitation of this thesis research is 

the lack of an extemal gold standard. This resuited in some circular logic as tests were, by 

necessity, cornpared with reference to each other rather than an extemai reference test. 

While the nurnber of subjects recruited for this study was carefully calcuiated on 

the basis of the numbers needed to provide M c i e n t  statistical power to demonstrate the 

effect of KOU-fortified formula on infant development, there may not have k e n  sunicient 

numbers to compare iron tests.ln In spite of this, most studies comparing several tests 

have used the same number or fewer infants. Some of the studies, including MIANES II 

have even suggested normal values for chiidren under age 2 based on nom smaller 

numbers of infants. When this study used ROC methodology to assess differences in 

tests with reference to SF there was only a slight clifference in AUC between tests. Direct 

power calculations of the number of subjects needed to demonstrate that no ciifference 

exists show that at least 100 more infants would have needed to be recruited. This, 

however, failed to include the statistical benefit of perfonning the caiculations on paired 

observations. 13' The SF and other tests were determined fiom the same subjects and 

therefore some variability was removed The statistical benefit is sirnilar to the paired t- 

test which could aot be directly calculated for the AUC comparisons. One c m  reasonably 



assume then that the study numbers were ükely sufncient to have discovered any 

Merence if it was present, 

Iron tests conducted at birth, two months of age or h m  the mothers during 

pregaancy would have provided additional information. It is understood that this wouid 

have adversely affected subject recniitrnent but would have contributed to the 

understanding of the materna1 influence on ID and better assess the effect of iron 

fortification on those who were deficient fiom birth. 

Multiple measures from the same infant over time were helpN to foilow trends in 

iron and assess predictive validity. We were unable to assess within-person variability 

because each of the blood tests was taken three months apart. We were unable to assess 

the effect of inflammation on SF as there were no routinely measured markers for 

concurrent illness. 

The general trend for an infant's iron status to increase with age may have 

affiected our analysis of HB response to treatment or LUnited the numbers of subjects 

available within the HI3 trajectory analysis. There were, sufncient numbers to find some 

dserences. 

Suggestions for Future Research: 

To more deihitively m e r  the question about the best iron test, an external 

reference test would be helpful. Because of the invasiveness of most research methods, 

only the response to iron administration would be practical. The use of multiple 

biochemicd markers of iron status within a remote population of aboriginal infants 
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(where a coulter counter is unavailable) taken at ages 6 months to two years would be 

helpful to compare to theû response to an iron intervention. For reasom mentioned above 

the only hematological test available wouid be photometrically measured HB. Concurrent 

measurement of markers of inflammation, such as C-reactive protein or even ESR would 

assist in assessing the magnitude of this effect on SF measurement Multiple blood tests 

from the same individual at one time wouid w t  be possible for reasons of consent and 

participation but multiple Iaboratory determinations on the same blood sample would 

d o w  an assessrnent of technicd variability. It might even be helpfûl to perform 

hemoglobin electrophoresis on dl, or a subgroup, to document the prevalence of 

hernoglobinopathies within the population. 

The use of a new test, T d e r r i n  Receptor has show promise. It is available on 

a research bais and the purchase cost is not available. Like the other non-HB tests it is 

able to detect [D prior to mernia. It has the additional benefit of not king  affected by 

infiammation. Future studies may employ this test for diagnostic or m e y  

applications."*15bf" 

Conclusions From This Study: 

Effect of Fortification: 

From the analysis of means and estimated prevalence, each of the iron tests 

studied were able to document the high prevalence of ID in this population, especialiy in 

the group receiving unfortifïed formula These same tests were also able to show that the 

administration of iron-fortified fonnula provided benefit prior to 6 months even though 

iron stores are thought to be adequate duruig this period. These hdings support the 
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recommendations firom the original study and the iiterature which advises the 

administration of uon-supplementated infant formula to non-breastfed infits. (And by 

extension, for the administration of supplemental iron to breast feeding in£mts after the 

age of 6 months.) 

The Superior Iron Test: 

This study also demonstrates the difncuity in selecting an optimal measure of ID 

for infants. Although there is considerable overlap between groups of individuals 

identified as deficient by each test, this overlap is not complete. Unique individuals are 

identified by each test and although some of these individuais may be fdsely identified as 

having ID, (false positives), each test has some additiooal ment. Even though the data do 

not d o w  the confïrrnation of each subject's underlying iron status it is reasonable to 

conclude that many of the additional individuds identified by each test do, in fact, have a 

deficiency of iron. Although there are iiabilities associated wiui fdsely labelhg an 

individual as positive, in case of ID the problems associated with providing a relatively 

innocuous iron treatment to some individuais who may not need it outweigh the liabilities 

associated with leaving untreated those who may have iD but are not identified by an 

insufnciently sensitive test. (See the discussion below about Decision-halysis.) 

None of the tests is clearly superior. This is consistent with ment reviews which 

admit there is no clearly superior test.) In fact for population surveys, multiple tests are 

re~ommended.~~ 

The ROC snalysis was conducted in order to provide a method of cut-off 
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independent vdca t i on  of test performance. The use of a parallel hematologic definition 

of deficiency, (any of3 tests) was chosen to maximize the nwnber of individuais 

identified with ID. Even though some may not have had serious ID, they were likely 

close to king iron deficient Though there were always dineremes between each of the 

iron tests' AUC and "the line of no information" and some differences in AUC ktween 

iron tests were demonstrated, they were very modest and not sustained over the 4 

assessment ages. 

The cornparison with KI3 trends was performed because in the literature this is the 

oniy available population 'gold standard". As in the test cornparison conducted by 

Margolis et al, all of the tests were about 60% sensitive? The utility of four tests WU be 

discussed individually, HB, MCV, SF and TS. 

General Considerations about Hematological Tests: 

Data for this thesis were based on hematologic analysis conducted using an 

automated electric particle counter (Coulter couuter) for HB, MCV and RDW 

determinations. Because there are technical difficulties in the anaiysis of hematologic 

assessment transported fiom remote communities inexpensive portable machines called 

photometers can be used for capiiiary or venous HB detenninations. These instruments 

are unable to reliably measure MCV or RDW and therefore the complete spectnim of 

hematological inf'ormatioa is unavailable. For isolated areas then, one can use only HB, 

or transport the biochemical specimens. 

For meanirements made of subjects residing in an area with a Coulter Couater, 
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the composite hematological test (HB, MCV, RDW), would be the superior, econornicai 

test . The use of this multiple test poticy may result in a small number of fdse-positive 

tests. Even so, treating an infant who is wt iron deficient with iron is less harmfid than 

failing to treat an iron deficient infânt who was not identified. 

Hemoglo bin: 

For this population with a negligible amount of hemaglobinopathy, hemoglobin is 

likely a reliable meanice of iron status. There is some contribution to lower Hl3 levels 

fiom the effect of concomitant illness on hemoglobin levels. Most of the HB decline, 

however is Wrely due to ID. This study demonstrated that HI3 was the best predictor of a 

subsequent nse in HB with imn fortification. This is consistent with the findings of 

otheTS.27.16 1.162 

Mean Corpuseular Volume: 

The results for the MCV aaalysis are important because of the clinical application 

of a meaningful cut-off point in the detection of ID. The widely accepted cut-off value for 

infants at (70 IL would seem to be too low to use for the identification of deficient 

individuais. One possible explanation for the need for a higher cut-off for MCV within 

this population could be that there may be more individuais with macrocytosis, (larger 

red blood ceils). If this was the case we would need to speculate about folate, B,* 

deficiency, or some other explanation for the macrocytosis. NHANES II, presented a 

mean and 95% CI of 79 fL, (67-88) for children one to two years of age while this study 
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showed a mean of 75.9 fL for the total group? It wouid appear then that the poor 

performance of the lower cut-off is not that there are larger red blwd cells within this 

population. 

in the study of Inuit chüdren h m  Keewatin, the unexpected amount of 

macrocytosis was thought to be due to a technical limitation of the method involving the 

calculation fiom hematocrit divided by red blood ceii count2 For the data used in this 

thesis, MCV was rneasured directly with a coulter counter, and therefore technicd 

problems are very unlikely to provide an explanation. One can conclude therefore that the 

cut-off value used for children in much of the Literature may not be inclusive enough. 

General Considerations about Biochemical Tests: 

Serum Ferritin, (SI?): 

The observation that different tests seem to measure Merent body compartments 

should be of help in the choice of the best iron test. According to many authors, SF is 

considered the most sensitive measure of iron stores and should therefore be the best 

indicator of those in need of iron supplementation. If SF measurement detected ail those 

who were anemic and those with pre-anemic deficiency it should have identified more 

infants as deficient than the other tests. The other tests, however, oftea identified more 

individuals as deficient than SF and there is no reason to believe that these individuais 

were not deficient, (false-positives). 

SF may have fded to identify those who were identified by other tests as having 

low iron status because their vaIues were elevated on the bais of infiammation. We know 
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that there is a high prevalence of upper respiratory tract infection, otitis media and skin 

infections in this population. It is aiso possible that in aiI of the comparisons, SF 

perfonned less well than expected because the teference tests were each iixnited in their 

ability to discriminate the children with ID h m  the others. One could argue that the 

power of a superior test is hidden when measured with reference to inferior tests. This is 

uniikely to be the case, however, because a series of tests were used in combination to 

iden te  the most number of deficient individuais for reference purposes, (ie. 

hematological definition of deficiency, ushg HB, MCV, RDW). 

Another explanation for the poor performance of SF is that iron-fortification 

administered before the nrst blood sample was taken likely elevated the SF level to 

higher values before the other tests responded Perhaps even in the non-fortified group, 

dietary iron fkom other sources could elevate the SF even before there was a sustained 

supply of iron necessary for hematopoesis (hemoglobin and red blood celi building). This 

is unlikely because the iron was administered from at les t  four months before the first 

blood sample. 

Transferrin Saturation, (TS): 

On the basis of the estimated prevalence, TS actuaiiy identified more individuals 

than SF at the 6 month assessment. It identified almost the same number as SF at 9 and 

15 month assessments and only 15% less of sample at the 12 month assessment. There is 

no obvious explanation for this variation based on the body cornpartment theory since SF 

should always be the £%t to fd and we wouldn't expect a d ined ia l  'innammation 
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effect" at the age of 6 months. 

TS has the most simüarity with HB as seen in the display of hemoglobin groups, 

the correlation coefficients aad the ROC analysis of biochemical vernis hematological 

tests, where it was seen to be statistically superior at any cut-off value for the 6 month 

assessment. TS values have the benefit of possibly king less expensive than SF, and 

unlike hematological specimens, c m  be transported for analysis. Both SF and TS posses 

day-to-day varïabiiity although TS is known to be more variable. 

TS also demonstrated the effect of ùon-fortification when different arms of the 

RCT were compared with each other. Its estirnateci sensitivity and specificity were 

consistent between tests and over time. (The only test süghtly more consistently sensitive 

was RDW.) 

These fïndings are consistent with Valberg et al, who found that TS identined the 

largest number of children as deficient?* It is also s i d a  to the study by Hershko et al, 

who found TS to be the superior test and found a spread of Pearson Correlation 

Coefficients almost identicai to the ones presented in diis studyO3O Mers have also found 

TS to be the best measure of decreased iron supply.'" Based on this assessment then, it 

would appear to be a superior iron test, 

Cut off Values: 

Decision Analysis: 

It became obvious in this study how almost arbitrary "normal values" and cut-offs 

can be, especially with MCV and FEP. In addition to the basic statistical principles 
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discussed above the choice of a cut-off value is made clearer by a method cailed Decision 

AnalysisW Space will necessitate ody a bnef outline of the general priociples. 

The best cut-off point for trausition h m  a negative to a positive test is a fùnction 

of three quantities.'" 1. NetCost of a mistaken intervention afkr a false positive test 

result for someone who is healthy. 2. NetBenefif which is the gain to someone with 

disease nom king conectly treated compared to remaining in the untreated state. And 3. 

Pretest Probability (p), (or prevalence). The formula which govems these three factors is: 

SIopeofROCctoye = 
NetCost -0 

NetBenefil p 

There have k e n  no published studies using Decision Theory to assess an 

appropriate cut-off level for iron tests. The estimation of pretest probability, (prevalence) 

is straight-forward but the calculation of NetCost and NetBenefit is exceedingly difEcult. 

Within a high prevalence population, the chance that a positive test is a tme-positive is 

high, (high positive predictive value). Partly because of the effect of high prevalence, 

direct costs of testing and treating an individuai with a fdse positive result are minimized. 

Also, the negative effect on those falsely identified as deficient is relatively small since 

the treatment is well tolerated and inexpensive. There is more problern in estimating the 

beneficial cost since it has not ken  conclusively demonstrated that ID as weli as IDA is 

associated with psychomotor delay which may or may not be reversible. The projection 

of the fuhue impact of these possibly permanent neurologie sequelae is dificuit to factor 
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but could be high. Regardless of the specinc economic details however, one could saféiy 

argue for a very inclusive cut-off so that a maximum number of children who could 

potentiaiiy benefit receive the innocwus iron supplementation. By extension, a strategy 

where ai l  children receive ha-supplemented formula or breast-mik, foiiowed by iron 

fortified foods will be discussed below. 

Cut-off Independent Methads of Cornpuison: 

The role of a ROC methodology which is a cut-off independent assessrnent 

technique was demoostrated. The curve cornparison may have been more conclusive i f  a 

t d y  extemal 'gold standardn were avaiiable. 

Specific Cut-off Calcuiations: 

The literature describes a range of cut-offs for FEP, (30,35,45 and 65 @dl or 

O.S3,0.6 1,0.80 and 1.1 5 ~ ( m o l / L ) . ~ ~ ~ ~ ~ * ~ ~ ~  The data fiom this thesis support the use of 

0.61 pmoVL for children of this age. As discussed above, the MCV cut-off for infants 

within this study is suggested to be 74 fL. 

External Validity: 

Socioeconomic Deprivation: 

The resuits of any study are best applied to populations with similar 

characteristics. The objective of this study was to make recommendations regmding 

screening for CD within urban and remote aboriginal communities. The differences 

between these groups must be accounted for when considering health programs. As a 



health determinant, socioeçonomic conditions play a role in predicting CO-morbidity and 

nutritional status. 

A clear profile of the infants participating in this study was presented to assist in 

knowing to which population these results can best be applied. This group of infants has a 

much higher prevalence of ID dian the general Cariadian population. As discussed earlier, 

decisions about whether to mount a screening program, choice of a cut-off value of a test 

and which test to use are dependent upon the prevalence of the disease within the 

population. The social and nutritional environment of these infants is substantidy more 

deprived than other segments of the population and multiple socioeconomic factors 

contribute to iU health including anemia 

While this study was conducted on aboriginal infants, its results are applicable to 

any population of infants of low socioeconomic stanis. Although the data origlliate nom 

an urban-core area population of infants, those fiom niral or isolated areas would likely 

have had similar test resdts as long as their dietary pattern was not significantiy different. 

Etbnic Variation: 

We have no reason to expect an ethnic ciifference in the performance of the uon 

tests with the exception that there is stiii debate about the normal hemoglobin levels of 

black chilcireo." For Asian, Meditemean, Black or other infants with a higher 

prevalence of hemoglobinopathies, screening with hematological tests may not be as 

specific as the biochemicd tests and therefore these results are not directly applicable. 



Croups with Simüar Nutritionai Profiles: 

The performance of b n  tests has been evduated in a population of infants 

receiving artificial cow-mille formula essentiaüy h m  birth. The group of study infants 

included those with a wide range of Uon sîatus. HaKof the infants in the study received 

iron-fortified fonnula and the other halfnon-fortifieci formula, There was a difference in 

the prevalence of deficiency in each of these two groups but the ability of the tests to 

evaluate iron status in each of the treatment amis was not dBerent as seen in both the 

mean values, (and the prevaience estimates). It is therefore most reasonable to assume 

that similar test performance cm be expected amongst any intuts receiving artincial 

formula. 

Traditional aboriginal diets were high in some iron-contaiaing foods aithough the 

iron content was often ~poradic.'~' The experience of children within urban and isolated 

aboriginal communities is a tendency toward highly pre-prepareâ, iron-poor f ~ o d s . ~ ~ * [ ~ ~  

This situation is sometimes more severe in remote areas because of the more limited food 

choices available. 16' Because solid foods which contain iron were introduced to the 

infants participating in this study, the resuits of this thesis can be generaiized to infants 

with a diverse range of intalces. 

Because we know that breast-feeding reduces the likeühood of Uon deficiency, 

the rate of breast-feeding in a community wodd affect the prevalence of uon deficiency. 

This population of urban aboriginal infants has a low breast-feediag rate. Although the 

overall Canadian rate of women breast-feeding at 6 months is less than 50%, the rate in 

urban and remote abonginai communities is even lower. The feeding method of choice 
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for aboriginal infmts for economical and convenience reasons, is evaporated milk, which, 

while heat denatured and pastwhed, does not possess any significant amount of 

absorbable hn .  Aside fiom the effect of the Merence in prevalence there is no strong 

reason to conclude that these tests would perform much diffe~ently in iaf'ants fed 

evaporated milk or in breast-fed iafmts. 

Screening Program Recommendations: 

Cost Considerations: 

The reader should consider the potential costs of împlementing a screening 

program. ui addition to the laboratory costs of testing, other expenses uiclude the physical 

and human resources necessary to coordinate individuals to attend for testuig, have blood 

samples drawn and report the laboratory r e d t *  Further costs include those incurred once 

a sub-population with ID is identified: coordination of heaith care visits, exphnation of 

test results, administration of iron and retesting. When the prevdence of ID increases the 

numbers of individuals proceeding through this second stage also increase. With 

estimated prevalence in the range of 30 to 40% the economic benefits of screening 

become supplanted by the efficiency of an altemate program of universal iron- 

fortification of infant fornuia. The exact prevalence at which this trade off occurs is 

difficult to estimate but for the general Canadian population with a prevalence of less 

than 5% a testing strategy is not recommended. 

The estimated costs of laboratory determinations are variable in Manitoba. For 

example the variable costs of biochernical tests, SF and TS, are estimated to be $3.50 and 

$7.00 respectively. (Personal communication, Ms. Elizabeth Stockl, supe~sor Cadham 

laboratory, February 28, 1997.) Alternatively the schedule of payments to pnvate 

laboratories by Manitoba Health Services Commission (MHSC) provide different 

estimates: $32.65 and $24.00 respectively. FEP determinations are not performed by 



Cadham laboratory and MHSC does not have a payment schedule for FEP but 1 received 

an estimation that it would be in the range of the other, above mentioneà, biochemical 

tests. 

By cornparison, for the hematologic assesment of HB, MCV and RDW 

performed on a Coulter Counter, a lab is paid $5.95 by MHSC. Fluorometric assessment 

of HB alone is $1.95. Therefore, a screenhg program usîng hematololgic tests would be 

much less expensive. For an isolated sening, one would also need to weigh the cost of a 

combined approach (HB plus a biochemical test) test with the perceived benefits of a 

muitiple test strategy. 

AI1 of the above costs shouid be considered when a screening strategy is 

contrasted with one of primary prevention. These costs would include providing human 

resources to promote better nutrition, hclude breast-feeding support and the provision of 

iron-fortined formula or solid foods to ail infants in the popdation. It should also include 

iron supplementation and nutritional counsehg to pregriant women. 

Recommendations: 

The objectives of this thesis were twofold: 

1. To address the question of which test or senes of tests cm best be employed in the 

population assessment of ID in young children. 

2. To recommend a testing strategy to apply to the problem of screening within aborigùial 

communities. 

A population assessment, or community survey is an important step toward 

addressing the healtb of infats within a commuaity. Population health rather than 

individual diagnosis is a chailenging application for a diagnostic test. Many reviews have 

advocated a battery of tests be applied to population studies in order to maximize the 

available information. The Limitations on hancial resources and practical details withia 

urban and remote Manitoba settings dictate a more practical approach. Within many 

communities the prevalence of ID is Imlaiown, though iikely hi&. As with most of the 



cited population studies, the p d e n c e  of signincant ID is likely higher than the 

prevalence of IDA. 

In order to maximke detection of those with pre-anemic deficiency a multiple test 

approach is recommended. In ufbm settings this would Mcely mean using a composite 

hematologic profile such as provided by a coulter counter, (ie. HB cl10 g/L or MCV < 

74 or RDW > 14%). In more remote settings, a photometncally determinecl HB could be 

supplemented by one biochemical test. A capillary sample would d c e  for both locally 

determined NB and a FEP sample transportai to a major center. Although the 

biochemical tests SF and TS could be use& there are problems associated with cost, 

variability, and in the case of TS, the need for a venous blood sample. 

The timing of this test has k e n  conventionally directed at the 9 month infmt. 

This may result in an umecessary delay in the detection and treatment of ID which 

appears to be quite prevalent by all  markers at the 6 month assessment. Perhaps this is a 

function of prenatal and intrapartum factoa. There is likely a high prevalence of maternai 

CD and although this was not previously thought to contribute to infant ID,i6c170 it has 

increasingly ken recognized as an important f a c t ~ r . ' ~ ~ " - ' ~  Intrapartum events such as 

early cord clamping at delivery may contribute to a reduction in the iron endowment of 

infants. ln 

An altemate program of primary prevention can be recommended. Since the 

estimated prevalence is so high it would be advisable that all  infmts receive breast-milk 

or iron fortified formula The breast fed iafants could be supplemented with fortified 

foods d e r  the age of six months. It is also be recommended that pregnant women receive 

iron fortification. This would likely be more population acceptable and cost-effective than 

a strategy of testing and supplementing deficient individuals with iron medication and is 

consistent with published reco~nmendations.~~~J~~~~~~ An evaluation of this approach using 

a composite testing strategy during its implementation is also recommended. 
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Figure 14. 
hernoglobin dasses g/L +. hemoglobin 

Mean test scores * 1 SD within EIB clusters, 
(understanding tests in relation to HB) 

*80 = <90,90 = 400, LOO = 4 10,110 = 420,120 = 430 and 130 = ~130 
horizontal arrow indicates "cut-off point suggested fiom this analysis 

(fiom top of HB = 1 10 bar) 



MCV "tut-off value fL 

Figure 15. 
Effect on prevaience estimates of varying the 'cutsff points for MCV and FEP 

displayed for total and by treatment groups for the 9 month assessrnent age. 



6 month tests 

i tests 

9 month tests 
60 1 

Figure 16. 
of ID as determined by each iron test 

accorclhg to published 'cut-off values, 
9- 

HB 4 1 0  g/L, MCV (14 &, RDW > 14.5 %, 
FEP > 0.62 p o V L ,  SF < 12 pg/L, TS < 10% 



RDW 214.5 

Figure 17. 
d prevbce  of ID as determined by each iron test 
according to published "cut-off values, - 

HB <110 g/L, MCV (14 &, RDW > 14.5 %, 
FEP > 0.62 pmoYL, SF < 12 pgL, TS < 10% 



Figure 18. 
Receiver Operator Curve, (ROC), of 9 month tests' 

capacity to predict HB < 1 10 g/L at 12 months: 
HB, SF and TS. 

(Analysis conducted on entire group.) 



1 -swficity 
6 month assessment 

~-speaficity 
9 month assessment 

15 month assessment 

Figure 19 
Receiver Operator Curve, (ROC) of biochemicai tests with "maximal" hematologic 

reference (Hi3 4 1 0  g/L, MCV < 74 fL and RDW > 14%) at all four assessment ages 



Biology -storage iron 
I pg/L SF = 10 mgW 

monly iron transport 
protein 

-Principle O, 
Canying Protein in 
red blooâ cells 

.tells decrease in size 
with IDs1 

variation in cell sim 
with latent ID 

-HB precursor 
-surplus FEP in ID 

- - 

- volume distribution 
curve of the RBC 
through a range of 
microapertures 

Method - I .Electronic particle 
counter (coulter) 
-2, Photometric 
(pomble) 

4 Electronic counter 
-2 ,  Indirect 
MCV=HCT/RBC 
(centrifbged tubes + 

~ptically read RBC) 

-automated 
biochemical analyzer 
=Semm lron -t Total 
Iron Binding Capacity 
(TIBC) x 100 

-. .- - 

-inexpensive 
-ha been the defacto 
standard 
-neurodevelopmental 
delay only correlated 
with low HB 

-eulier than WB 
mavailable ftom 
multichannel 
electronic analyzer 
with HB 

-earlier than HB 
-available fiom 
multichannel 
electronic analyzer 
with HB 
- population with Q 
Thalas~ernia'~ 

-capillary sample 
œreliable 
-reproducable 
-relatively 
inexpensive 
-established in pop 
screening of lead 

-reflect iron stores 
throughout a wide 
range of iron status 
-trends away from the 
direction of deficiency 
with inflammation1 
infection41 

nwell studied 
-transports wellron 
status and ages?' 
-responds 
immediately'8*79 

Advantages 

- -- 

-correlates inversely 
with body iron 
 tat tus'^ 
-slow to reflect 
developing ID4' 

- . --- 

-elevated in anemia 
of chronic illness 
and infections 4Z~54 

-elevated in 
hemolytic anemia, 
sideroblastic 
anemia, 
protoporphyriaa 
-elevated in 

- - -- 

-marked devations 
(>SOpg/L with 
infla~nmation)'~J'J~~ 

- - - - - - 

-TlBC elevated in 
fevef ' 
-variableless accurate 
in prepancy 'O 

-elevated in fever 
-some doubt its 
accuracy in fust 
months of lifeM lead 
pisoning6' 

Limitations -HB decline is a late 
finding in ID 
-prevalence of 
hemoglobinopathies 
limit specificity 
-normal values 
change with age 
-ethic differences in 
black i n f a n t ~ ~ ~ * ' ~ J ~ ~  
-(no aboriginal diff)'* 

œelevated in presence 
of B,, or Folate, 
therefore not specific 
-normal values 
change with aga 



hblished 
estimates of 
sensitivity / 
specificiîy 

-- 

Recommend 
ed as 
Primary 
Screening 

Stage of C 
First 
Described 

-usually tbis is the 
reference test 

-lasi century 

-50% detection of 
blood donors with 
low TS 52 

-1ow compared to 
phlebotomy fi (too 
slow?)" 
-90 and 53.8153 

-middle (latent) 

-early chis century 

-Mahu13 
-benefit over SF9' 

-4,160 children at 
cutoff 35 )rg/dl 
compared with SF 
4 5  p& = 88% 
(incl 10% 
aboriginal) 

-popular screening 
test (especially 
when it used to also 
be used to screen 
for Lead 6' 

-role in heme 
synthesis 193060 
-accurate test ing 
1 9706' 

-validatecl in 
hospitalized 
 patient^^',^^ 
-more sens than MCV 
in NHANES II " 
-ROC AUC 

-meta-analysis of 
1,179 articles (55 with 
Bone Marrow 
cornparis~n)~~ 
-Ontario Assc Med 
Laba2 
-superior to 
~~26 ,32 ,13 ,133  

-iron stores, earliest 
measure 

=0.95 compared to 
BM 

mid century 



Cost 

units 

2 

:' '.\: + .  ' . .' t '. .;. 
, " I _. 

. ,  , . > 

. , 

. ,. , t ..:i ;::, . : , ;\ 

Variability 

Limitations 

-insignificant day to 
day or within dayZ8e3" 
-diumal variation 3- 
5% of moming 
values3 
-less with coulter 
co~nteTZ'*~~ 
-with photometer 
CW1.3 - 5.282127 
(2.5 g/L) 

:! 

-Direct, quite 
repeatable 
-Indirect 
(unacceptable 
optically read RBC 
CV =tg2 

-as reliable as coulter 
counter 

-micromethod 
correlation ( ~ 0 . 9 8 )  
with classical 
method6' 
-1ease amount of 
w ithin-person- 
variance of al1 tests 
(NHANES) 

-unacceptable day-to- 
day variationa9 
-3- 1 0 independen 

. . . . . . - 

-HB, only late in ID 
-hemoglobinopathies 
limit specificity 
-nomal values 
change with age 
-ethic differences in 
black infanr P8149J75, 
not aboriginals 

- 

-elevated in presence 
of B,, or Folate, 
therefore not specific 
-normal values 
change with age 
-cost and size of 
multichannel coulter 
-too variable with 
other methods 

- 

-correlates inversely 
vith body iron status 

-slow to reflect 
developing ID 41 

- 1 in chronic illness 
and infections 4Z~54 

-also hemolytic 
anemia, sidero- 
blastic anem, 
protop~rphyria~~ 

-gram per Liter (g/L) 
-some reps as 
nurnber of SD from 
age appropriate mean 
value (to allow 
cornparison across 
age~)~ 'J~ 

Comes with HB cornes with HB 

-30 pg /dl of blood 
-0.8 pmol/L blood 
(al1 a g e ~ ) ' ~ ~  
-0.62 )imoUL blood 
-75 p/dl rbc 
-3pglg HB2'v6' 

-rnarked elevations 
(>50pgL with 
infla~nmation)~~J'J~~ 

-diurnal var, 20%3 
-no diurnal var, prior to 
age 3 y e a r ~ ~ ~  
-unacceptably high 
varianceulu 
-3- 10 measurements 
req, To accurately 
detemine valuesJ6 
-Capillary var. oiily 
slightly higher than 
~enous"~~J'~ 

-TIBC elevated in fever 
II 

4ess accurate in 
pregnancy 
-some doubt ils 
accuracy in First 
months of lifeU4 





Mackay '28'" London poor children 

poor children 1735 
- - -  - 

Guest 1930s 
. - -  - - -  

Cincinnati 

Guest 1950s'" Cincinnati 

New Haven ethnicaily diverse 
10-36 month 1 
low mcome I 

Yip '85 low income I 
DaIhan et al. 
'8 124 

San 
Francisco 

Haddy '7413 Michigan low income 

Lehmann et al 
'92s5 

low income SF<IO and 25% 
HE3 4 15 or (SF c l 0  in 37%) 
MCV e 2  

South 
Aftica 

Sheffield Asian babies 1 

Table 2. 
Summary of prevalence studies of infants with low socioeconomic status . 



Adult huit Scott et al 1 '55In 
Scott and 
Heller 'MIm 

low HE3 compared 
to conbols 

Valberg '7g3* Yukon and 
NWT 

children 1-4 

pp - - 

James Bay 
Cree 

HCT and TS 
- - 

lower than the 
rest of Canada 

Hoffer '78 

Bristol Bay 
S W Alaska 

6 mo-17 yrs 
huit 

HBT 5 g / L  
HBT lOg/L 
SFCIO 
TS, FEP 

MMRW '88In Yukon- 
Kuskokwim 
Delta 

83 
352 age 
6-1 1 

Keewatin, Cen 
Arctic 

children 

Keewatin hi& prevaleace 

infants 6-24 
mo 

Table 3. 
Summary of prevalence studies of aboriginal infànts. 



$ Nurnber who received iron-fortified formula over the number wbo received regular formula 

Table 4. 
Nmbers of lab values avaüabie for analysis (total and by treatment group) 

at each assessrnent age. 



1 MCV 1 0.41018 / 1 1 -0,62236 1 -0.49391 1 0.469ô4 1 0.42619 

I FEP I -0.19204 I -0,49391 I -0.41718 I -0.32324 I 1 I 0.21023 

Op* value 

n 
RDW 

'p" value 

1 n 1 1 7 2  1 172 1 1 7 0  1 1 6 2  1 1 7 2  1 1 7 2  
'Log of Semm Femtin 

Table 5. 
Pearson correlation coefficients for iron test values at the 

9 month assessrnent 

O 
195 

-0.47401 
O 

O 
195 

-0.62236 
O 

O 
192 
1 
O 

O 
1163 

0.54268 
O 

O 
192 

-0,41718 
O 

O 
f72 

-0.4-7 
O 



Test + 

Test - 

sensitivity = 29/55 = 52.7% 
specificity = 109/140 = 77.9% 

HB cl10 

Kf3 2110 

(29 missing) 

R I  present 

a 

c 

aic 

sensitivity = 29/60 = 483% 
specificity = 109/135 = 80.7% 

MCV q 4  
GD) 

29 

26 

55 

Table 6. 
Outline of estimated sensitivity and specincity calculations. 

Example: HB and MCV at the 9 month assessrnent 

ID absent 

b 

d 

btd 

MCV <70 

MCV270 

(7 rnissing) 

a +b 

c+d 

total a + M  

MCVr 74 
(no w 
3 1 

109 

140 

HB a10 
C[D) 

29 

3 1 

60 

HE3 rllO(no 

26 

109 

135 

60 

135 

195 

55 

140 

195 



% = sensitivity fiom 2 x 2 table 
( ) = number of infants identified as deficient by both criteria 

thresholds used: HB cl10 g/L, MCVc74 ft, RDW >I4.5%, FEP H.62 bmoVL, SF-42 pg/L, 
TS< 1 0% 

Top row designates the 'gold standard" for cornparison 
Second row lists number identified with ID using that 'gotd standard" 

Table 7. 
Estimated -itiv&y table 

fkom the nine month assessment. 



-7 

% = speciflcity h m  2 x 2 table 
( ) = number of &ts identified as deficient by both criteria 

thresholds used: HB c l  10 g/L, MCVc74 fL, RD W > 143%, FEP ML62 pmoVL, SF<12 pg/L, 
TS<10%, 

Top row designates the 'gold standard" for cornparison 
Second row lists number ideatified with ID ushg tiiat 'gold standard" 

Table 8. 
Estimated pcificitv table 

fiom the nine month assessment. 



;t lal 
5 Z score is the difference between the AUC and the line of 'no informationn 

Table 9. 
Results of ROC analysis: AUC of Iron Tests at 6 and 9 months. 

Ability to predict a rise in NB of 5 fi at the next assessrnent interval 
in response to the uon-fortification of formula 



FEP 1 141 1 32 1 109 1 0.6319 

TS 150 1 35 1 115 1 0.7472 
AUC o f  HB at 9 months significantly different h m  

AUC 1 

0.0446 0.6598 
rS or SF, chi square = 6.6 

* Z score is the difference between the AUC and the line of "no information" 
t %nemian defïned as HB value at 12 cnonths tess than 110 g/L 
$ 5  children treated with extra iron included in this analysis 

Table 10. 
Iron tests at 9 month visit; Abiiity to 'predictw anemia at 12 monthsff 



MCV 12 70 102 172 0.6263 0.0432 0.005 

FEP 9 73 90 163 0.6016 0.0449 2.2575 0.024 

FEP 12 58 92 150 0.5956 0.048 1.9901 0.0466 

5 statistic: the measurement of the ciifference between the AUC and the nui1 hypothesis AUC=0.5, 'line 

Table 11. 
ROC calculations of AUC for iron tests with femtin below 12pg/L as 

a 'gold standardn. 



mo way cornparison TS vs, FEP K~ = 4.1285 ldf 2 tailed p = 0.û422 
TS vs. SF xf = 4,523 1 1 df 2 tailed p = 0.0334 

Table 12. 
Summary of areas under the ROC curve. 

Three biochemical tests with refemce to a maximal hematological definition of ID: 
HB< llOg/L,MCV<74tI,andRDW>14% 



mdefinitional 
statement"' 

HB<I10 
MCV < 74 
RDW14 
'defmitional SI 

nimber 1 fep a: and 1 sfaucand 1 ts .:and 1 
deîicient se d W  p-value 

1 I I 

ement" using a combination of reference standanis with me 

5.51 13 0.0636 

ing cutoff points 

Table 13. 
Three way cornparison of conelated ROC curves of biochemicai tests 

with reference to a hematologic definition of deficiency. 
Effect of varying the hematologic definitional statement of deficiency. 

AU calculations on the 6 month assesment lab results 



2-tded alpha I s ~ * p o w C I  I 

1% 95% 5% 346 

Deficiency defined by the most inciusive hematologic definition of  deficiency 
HB (1 10 gmL, MCV c14 fL and RDW >l4%. 

Table 14. 
Power cornparison of AUC merence between SF and TS at 6 months abiiity to 
diagnose ID compared with a maximal hematologic definition (AUC = 0.6567 

and 0.7764 respectively). 



Appendu 1: Coulter Cornter methodology: 

These multichannel analyzers combine several different types of tests withh a 

specifk machine. The hemoglobin is determined by the cyanmethemoglobin method. The 

addition of cyanide resuits in a compound which has a wider absorption spectrum at 540 

nm and the hemoglobin measurement can be reliably made by a photometric method. The 

determination of Mean Corpuscular Volume (MCV) is determined directly using the 

capacity of the machine to individually count the ceiis of different s k s  with a 256 

channel puise height discriminator as they pass through 3 separate microapertures from 

36 to 360 fL (femtoliters= iiters). In the same way the red blood cells are counted 

directly to produce the Red Blood CeU Count (RBC). The internal compter then 

generates a red cell histogram, (fkquency of Merent sizes of ceiis), fiom which the Red 

Blood Ce11 Distribution Width (RDW) is calculated (coefficient of variation of the central 

portion of the histogram). The Hematocrit is then calculated by multiplying the RBC by 

the MCV. 

This results in a much more diable determination than the older method where 

MCV, rather than king measured, is calculated fiom the RBC and Hematocrit. The 

hematocrit (Hct) is the height of the column of cells measured directly after 

centrifugation in Wintrobe tubes or smaüer glas  columns. RBC can be meamred using 

the turbidity of the blood sample measured with a photometer. n i e  MCV is then 

calculated using the formula MCV = HCT x 1000/RBC. RDW is not available. The 



alternate method for HE? measuement is through a portable photometer with acceptable 

though less variability than an electronic particle cormter. 



Methodologic and Practical Probkms with Portable Hematologic Equipment: 

Coulter counter methodology has been show to be reliable. Alternate 

methodologies can involve substantiaily more variation: In the Keewatin Area Heaith 

Study it was decided that an electronic particle counter would be too expensive and 

would not travel weil. In its place they used a portable machine cded   AME ES^^ 

MINILAB". This micro processor-controlied photometer weighed only 450g. and 

functioned at a wide range of ambient temperatures. It used the Cyanmethemoglobin 

method on capillary samples for determination of HB and when compared with the 

Couiter STKR had a satisfactory coefficient of variation (CV=) 5.28.% There was some 

question of the accuracy of hemoglobin measurement with capiiiary samples which some 

have reported as  producing lower valws than venous samples." In a comparable 

population siirvey conducted in Alaska, Margolis et al. used venous samples and a simiiar 

portable photometer arriving at a CV=1.3% and a variation of 2.5 gK. This was cited as 

similar to values obtained in two other calibration experimentsi 

The MINILAB could not perform the other determinations directly and so the 

calculation of MCV was measured using the formula: MCV = Hematocrit divided by red 

blood ce11 count. Hematocrit was meamred using the Ames MICROSPIN and was 

determined to be accurate in an evaluation conducted by the Wiipeg  Health Sciences 

Centre Laboratory?The measurement of the red blood ceil count was conducted using an 



opticai reader but resulted in a CV = 19% which adversely affected the reliability of the 

MCV values. Application of this methodology to other than HB testing in remote 

locations has iimited reliabiiity. 



Appendix III: Glossary of Abbreviations 

AUC 

FEP 
fL 
HB 
HCT 
HSC 

ID 
IDA 
INACG 

MCHC 

MCV 
NHANES 
RCT 

RCT 
RD W 

ROC 

SD 
SF 
TS 
Z score 

area under the curve 

free erythrocyte protoporphyrin or protoporphyrin 
femtoliters =IO4 Liters 
hemoglo bin 
hematocrit 
Health Science Center 

uon deficiency 
iron deficienc y anemia 
international anemia c o d t i n g  group 
mean corpuscular hemoglobin concentration 

mean corpuscular hemoglobin 
national heaih and nutrition examination suvey 
randomized controiled trial 
randornized controlled clinical crial 
red blood ceIl distribution width 
receiver operator curve 

standard deviation 
semm femtin 
transferrin saturation 
significance of ciifference between AUC and 'he of no information" 



Appendix IV Calcalation of Normal from NHANES II 

Between 1976 and 1980 the Second Nationai Health and Nutrition Survey 

(NHANES II) was conducted in the USA.'90 It was a broad based sampling program of 

27,80 1 individuals fiom 64 sampling areas using a probability sample which allowed 

extrapolation to the entire US population. The sample design was a stratifie4 multistage 

probability cluster of households throughout the US? Udortunately because only 22 

infants between 6 and 1 1 months were able to give venous blood samples and did not 

have any exclusions based on iilness or hemoglobinopathies these 22 were excluded." 

Individuals were excluded fiom the subject pool that was used to determine 

"normaln if they had evidence of deficiency as defhed by three abnomai values of TS, 

FEP, MCV or Lead. After these exclusions, median and 95% limits were calculated. 

(Mean and SD were not used because the values of Fe and TS deviated markedly nom a 

Gaussian distribution even after logariuimic ttansformation). There were some limitations 

of this approach for infants between 1 an 2 years of age because the s m d  sample size 

made for increased uncertainty about the 95% ranges. Of 122 subjects the median Hb 

was 123 g/dl and 95% range (1 07 - 138), for MCV 79 (67-88). 




