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Structured Abstract

Objective: To evaluate the measurement properties of hematological and biochemical

indicators of iron deficiency (ID).

Design: Secondary data analysis of a longitudinal data set collected for a randomized
controlled trial of iron supplemented formula conducted in 1991. Analysis of a data-set of

four venous samples drawn from 225 infants at ages 6, 9, 12 and 15 months.

Setting: Aboriginal children living in the urban core of Winnipeg.

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: Serum Ferritin (SF), Transferrin Saturation (TS) and Free
Erythrocyte Protoporphyrin (FEP) were compared with Hemoglobin (HB), Mean
Corpuscular Volume (MCV) and Red Cell Distribution Width (RDW). Non parametric
receiver operator characteristic curve (ROC) analysis was conducted as a cut-off
independent method to compare the iron tests. The areas under the curve were measured
to contrast the diagnostic strength of each test. The analysis was repeated with a series of
surrogate “gold standards”. At the same assessment age, SF and hematological tests were

used . The longitudinal nature of the dataset was used to determine 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 response to iron administration was

also evaluated.

Conclusions: HB performed well at predicting the response to iron supplementation. TS
was the most accurate early indicators of ID in infants. Age appropriate cut-off values for
FEP and MCYV are recommended. 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 element in major physiological body functions. It is a component
of hemoglobin, the oxygen carrying protein in blood, and it is also a component of
cytochromes and enzymes which are required in multiple important body processes.
Severe deficiency measured as iron deficiency anemia, (IDA), has been shown to cause
delays in infant psychomotor development which are reversible with iron administration.
It has also been associated with reduced immune function.' Therefore, iron deficiency
(ID) is a significant health problem for infants under two years of age.

Certain populations of socioeconomically disadvantaged infants have a higher
prevalence of ID. This is common in many developing countries but also in North
America within poorer communities. In Manitoba, aboriginal communities both urban
and remote suffer from 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 [D. 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 children. In remote communities, however, this technology
is not available. A recent population health study of Inuit communities in Keewatin used
a portable photometer for the measurement of HB and red biood cell count on capillary
(finger prick) blood samples.? It confirmed a 5-20% prevalence of anemia (low

hemoglobin), in different communities but the finding of significant macrocytic anemia



raised etiologic questions as to whether a deficiency in iron, B,, , folate or a genetic
hemoglobin defect explained the low hemoglobin values. The macrocytic cells could also
have been explained as a measurement error. A reliable method for detecting iron
deficiency in isolated northern commuqities 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 fall
into two categories, biochemical and hematological. Of the two categories of tests,
biochemical tests attempt to assess iron status more directly. The more familiar
hematologic tests measure the components or dimensions of red blood cells 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 iron status.’

This thesis addresses the question of which test or series of tests can best be
employed in the population assessment of iron deficiency in young children? And which
would be best applied to the problem of screening within aboriginal communities?

The study used data from 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 from ages 6 to 15 months. Standard methods of clinical

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



Literature Review
Introduction to Iron Deficiency:

An understanding of iron deficiency is predicated on an understanding of the
currently accepted division of iron metabolism into three physiological compartments.
Each of these compartments are depleted in turn and each have separate measures of iron

status:

Three Compartments of Body Iron:

1. Storage iron, accessible for incorporation into HB, is composed of insoluble
hemosiderin (which is the stainable iron seen during 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 “parenchymal” or “tissue iron” as muscle protein,
myoglobin or as enzymes, cytochromes. 2. Transport proteins carry iron to the sites of
blood cell formation. This transport iron accounts for a relatively small part of the total

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

(Fig. 1).

Three Stages of Iron Deficiency:

Heinrich in 1970 divided iron deficiency into three sequential stages.* (Fig. 2)
Although HB has been the traditional measure of ID, it is likely the final stage in a
progressive reduction of body iron. When a body is deprived of iron, there is first 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”.
Finally, when there is insufficient iron to produce HB there is a measurable reduction in
HB called iron deficiency anemia, (IDA). Anemia is the outcome which has been well
correlated with reversible psychomotor problems of development in infants.*” Earlier
states of deficiency also seem to have some relation to adverse outcomes and hence these

precursor states may be important to identify.*'?

Iron Tests for each Compartment and Stage:

Biochemical tests measure compounds within the blood which fluctuate in
proportion to the iron status of the individual. Hematological ones measure 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 deficiency.!'"* (Figure. 3)

Of the biochemical tests, Serum Ferritin, (SF) is the best measure of iron stores. It
has been shown to be an accurate reflection of bone marrow iron."’ The next test,
Transferrin Saturation, (TS) reflects transport iron, which is measured as serum iron and
it’s carrier protein transferrin. TS is a calculated index of the percentage of the protein
which is bound to iron, (and by extension, the amount of unbound protein deficient in
iron). When a significant reduction in the delivery of iron to the blood forming areas of
the body occurs, other parameters become affected. Protoporphyrin is a chemical 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 blood 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.

Hematological tests include HB, Mean Corpuscular Volume (MCV) and Red Cell
Distribution Width (RDW). When hemoglobin production begins to be compromised, but
before the actual HB value declines, the size of the newly produced red blood cells
becomes smaller and the consequent variability in cell size is measured as Red Blood
Cell Distribution Width, (RDW).!! Another index of red blood cell size pertains to the
actual volume of the individual cells,. mean corpuscular volume, (MCV).? The
compromise in production ultimately results in a drop in the absolute amount of
hemoglobin (HB) but this stage of “frank 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 including four body pools is adapted from
Bothwell 1966 in Figure 4.'5!". It would appear from these categorizations that SF would

be the earliest and perhaps best measure of iron deficiency.

Measurement Issues:

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

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



validity and reliability. Definitions are taken from A Dictionary of Epidemiology by

John Last.'®

Accuracy:

Accuracy is defined as: “The degree to which a measurement, or an estimate
based on measurements, represents the true value of the attribute that is being
measured”. In the context of this thesis project it must be noted that there is an underlying
state of the body’s iron status which none of our tests can fully and completely measure.
(True value of the attribute.) 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 all individuals or reflect the magnitude of the
deficiency. When attempting to find the superior iron test, its ability to reflect the

underlying iron status is what is being measured.

Validity:

Closely related is the concept of Validity. John Last quotes the Oxford English
Dictionary when defining this as “ound and sufficient”."* He goes on to explain “ if g test
measures what it purports to measure (it is sufficient) then the test is said to be valid®.
There are two types of validity which are relevant to this thesis, construct and criterion

validity. These will be itemized below.

Construct Validity:



Construct validity is “the extent to which the measurement corresponds to
theoretical concepts (constructs) of the phenomenon under study”. Each of the iron tests
has been identified with a compartment or stage of deficiency. The extent to which they
actually measure this stage is construct validity. For example, since we postulate that iron
is a critical component of the hemoglobin molecule, protoporphyrin which is the other
component of the heme compound, has a valid pathophysiological explanation for

varying in proportion to iron deficiency.

Criterion Validity:

A more useful evaluation concept is criterion validity; “The extent to which the
measurement correlates with an external criterion of the phenomenon under study”. The
comparison of a test with a well accepted reference test is the most desirable. Accurate
and valid tests must be compared with a “gold standard”.

There have been several attempts to find research measures of iron status 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 accuracy and
practicality becomes real. These accurate tests are considered to be “gold standards” and
can function as an external reference for the evaluation of tests which may not be as
accurate.

Garby, when studying adults speculated that “a criterion based upon the
individual’s feelings of well-being and capacity to perform pertinent social functions
would theoretically be the most relevant.”® A parallel concept for infants might be an

7



assessment of neurodevelopmental function. Although IDA has been well correlated with
poor mental and motor performance this would not be easy to measure nor would it be
precise.?!

There is no true proxy for the direct measurement of underlying iron status and
the "gold standards" used in some research studies such as bone marrow iron, liver
biopsy, *’cobalt excretion, or even absorption of radioactive iron salts, are not feasible for
application on a large scale.'””? The most direct measure involves weekly phlebotomy
to determine the amount of hemoglobin iron removed and the induced iron deficit."**
Because of the practical and ethical difficulties involved in performing these on a
population of infants it is difficult to compare standard measures to these references.

Response to iron therapy has been the only population-based gold standard used
in many large scale studies. The minimum significant magnitude of this HB rise in
several studies is accepted as 5-10 g/L.>**¥ A study evaluating the variability of
hemoglobin reported that an increase of 6 g/L. would exclude 95% of the differences
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 compliance with iron therapy in most studies is only about 50 to
75% the effect of iron administration is still quite measurable. In most of the studies the
iron tests, (HB, SF, TS @ FEP) are contrasted in their ability to predict the effect of
supplementation. This is called 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 involving 121

8



healthy women aged 18 to 48.% He documented 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. Dallman et al, reported on 188 one-year-old children of US Air
Force personnel who had low HB values then completed iron therapy of 3 mg/kg as
ferrous sulfate for three months.?* They found that pretreatment HB was the best predictor
of response although TS was the next most useful single test.

Margolis et al, studied 344 Inuit children between 1977-78.” After 3 months of
supplementation to deficient individuals, A low value of HB (<1.5 SD from normal) was
the most efficient test at predicting a response to iron. They described this predictive
property as sensitivity. The other tests, SF, TS and FEP all had between 40-60%
sensitivity and specificity. [djradinata and Pollit published a trial of iron supplentation of
infants aged 12 to 18 months from Indonesia in 1993. They documented the reversibility
of delays in mental and motor development after iron administration. Although those with
documented IDA had test results which increased dramatically, many of the children in
each of their three groupings, [DA, ID and iron sufficient responded by increasing several
measures of iron status.

After reviewing each of these trials it is apparent that HB at time=1 is more able
to predict a response in HB at time=2 than the other tests used alone at time=1. 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 finding HB as the best test
for predicting a HB response. Serum Ferritin and TS, however, increased substantially
in some individuals whose HB did not rise. This indicates that HB as an initial test fails to

9



identify all children who will respond to iron. Pretreatment HB may not, then, be a
sufficient test.

This discussion has parallels within the bacteriology literature when comparing
new immunological tests against the “gold standard” 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 “gold-standard”, the use of other common tests applied
simultaneously to the same subjects can serve as a reference point with “concurrent
validity”. For many population studies, SF, TS or a combination of these and the other
tests are used to measure deficiency.’**? Whether these multiple tests are used in
sequence or parallel will determine what fraction of the population is identified as

deficient. (Figure 5)

Reliability:

Reliability is defined as “a quality that is sound and dependable”.
Epidemiologically it is a result or measurement which is stable, i.e., when repetition of an
experiment or measurement gives the same results”. When variation exists as a property
of the phenomenon under study rather than an artefact of the measurement it is described
as “day-to-day” variation or sometimes “within-day” variation, (diurnal variation).

Repeatability and reproducibility are synonyms for reliability in many usages but
are “actually referring to the measuring procedure rather than the attribute being

10



measured”. Some of the literature reports situations in which each of the iron tests have
been repeatedly performed on the same blood sample or subject. When very similar
results ensue from serial measurements, the test is said to be reliable. Variability of
measurements are often calculated with the statistic, coefficient of variation.

Precision: ‘s the quality of being sharply defined through exact detail. A faulty
measurement may be expressed precisely, but may not be accurate”.

[n summary, in order to measure 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 disadvantages which have
been documented in previous studies and will be outlined below. It will become apparent
to the reader that there is no agreement as to the “best” iron test or the appropriate cut-off
values. Large meta-analyses comparing iron tests have not been conducted chiefly
because each of the studies use different definitions of deficiency, different cut-off levels

and have been conducted on different populations.

Iron Tests:

Hematologic Variables HB, MCV, RDW:
Testing Methods:
There is currently little variation in the measurement of each of these tests

between different labs and between different urban studies because they employ
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standardized, automated equipment such as an electronic particle counter, (Coulter
Counter).”* This is considered to be the best technique for hematological analysis with
determinations being both accurate and reproducible.?®*** Details of the methodology and
variation are presented in Appendix I.

Portable hematologic equipment has great appeal for remote settings and has been
used 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 small and there is much less biological variation on repeated sampling than for tests
such as serum iron.>* The range of HB diurnal variation is 3-5% and there is an
insignificant amount of day-to-day variation in HB values, and especially as compared to
the variation in biochemical tests.>*%3 There is more variation possible when capillary
rather than venous samples are obtained and a careful set of procedures are necessary to
minimize the observed error seen in some studies which have resulted in falsely low
values.”® This is a significant limitation when working with a pediatric population since
phlebotomy is often difficult for both technical reasons and withheld consent.

The major problem with this measure is that a drop in HB is a relatively late
finding 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 difficulties with using HB as 2 measurement of ID is

12



that normal and abnormal values overlap significantly and so it is difficult to clearly
separate those children with iron deficiency.>**

The prevalence of certain medical conditions in the population under study may
affect HB values even in the absence of ID. Infections or inflammatory disease may lower
hemoglobin values in the absence of [D.**? Several hemoglobinopathies such as e or
thalassemia or sickle cell disease or trait may lower HB 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, (110 g/L).* The normal HB range for infants 6 months to 2 years is 110-
130 g/L.34547

Normal values of hemoglobin for black adults are considered by some to be
slightly lower than values for Caucasian adults.*** There is still some disagreement about
whether racial differences in HB values exist. An analysis of data from the National
health and nutrition examination survey (NHANES) 1 (1971-72), found that most of the
racial difference between hemoglobin values for white compared to black children was
explained by differences in TS and therefore likely true differences in iron status rather
than racial differences.’® A study of children from Minneapolis found no differences in

hematocrit between aboriginal and white children.

Mean Corpuscular Volume (MCV):
Inadequate delivery of iron to the bone marrow results in less hemoglobin
production and consequently smaller cells.’' In this way a drop in MCV can be seen prior
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to the development of anemia in the presence of ID. This volumetric measurement is
made in small fractions of a liter, femtoliters, 10'° L, (fL). Measurement by other than an
electronic particle counter can result in unacceptable variation.?

MCYV is slow to reflect the deficiency imposed by experimentally removing a
subjects blood at frequent intervals 5 MCV also can be elevated as a result of a
nutritional deficiency in either vitamin B12 or folate even when there is no ID. MCV and
HB may both be lower in individuals with thalassemias. This explains some of the
discrepancy in the literature about whether MCV is a sensitive measure of ID. In a young
population for whom blood loss and hemoglobinopathies are unlikely MCV can be both
sensitive and specific.

MCYV values rise steadily between | year of age and early adult life. The median
value and 95% reference range for ages 1-2 years is 79 fL. (67-88).** Many studies have
used as the lower end for their cut-off to be the 10* percentile, 72 fL..> Commonly used

cut-off values range from 70 L2456 19 75 fL.%

Red Blood Cell Distribution Width, (RDW):

RDW is calculated from the volume distribution curves produced by automated
hematologic equipment. The method of measuring red cell size variation was described in
1974 by England 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 fall, RDW increases)."

RDW has been used with RBC in a population with a high prevalence of p-
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thalassemia trait to identify those who have true [D.* RDW has some limitations relating
to the fact that RBC size, like MCV is slow to reflect ID. This may be significant for

children.*!

Biochemical Tests:

Introduction:

Since hematological tests are not reliable 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 results published with Coulter
Counters. Because of this, different studies are not as directly comparable unless using

the same chemical assay.

Free Erythrocyte Protoperphyrin, (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 1970s.5°5! The initial method involved
spectrophotometry which was cumbersome and therefore not widely clinically
applicable.>*

The newer spectrofluorometric method, used in to analyze the blood tests in this
study, was described by Piomelli®?, 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, refrigerated or at room 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 iron deficiency, and lead poisoning.®*%° As the acceptable level for Iron
decreased from >50 pg/dl to >35 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
protoporphyria. 43464

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 ug/L was used as a reference standard. FEP even identified those without low
ferritin values.** In a recent study of 26 Danish infants, the highest value was found at 6
months then falling again.®’ Cut-off values for FEP can describe as iron deficient any

subject with values above 0.62 to 0.80 pmol/L blood.5*-8

Serum Ferritin, (SF):
SF is one of the newest iron measures and the one most closely resembling
a “gold standard”. It is the most direct measure of storage iron and has been shown to
reflect the magnitude of iron stores throughout a wide range of developmental changes in
infants and children.2

16



The radioimmunoassay was first described in 1972 and there have been many
validations of its usefulness in the diagnosis of ID in hospitalized patients.™™"* It has
also been favorably assessed in many population studies of children and pregnant
women.”>">77 SF was slightly more sensitive than MCV at identifying ID in children >2
years in the NHANES II study.*' Although therapy with iron can cause an immediate SF
increase prior to the complete resolution of deficiency this does not invalidate it as a
measurement tool.”s”

A major limitation is that SF levels in adults are known 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).*

In an effort to conclusively evaluate the magnitude of the effect of inflammation,
Guyatt et al. conducted a meta-analysis of 55 studies which used a bone marrow
aspiration as a gold standard." This study confirmed that in the assessment of
hospitalized anemic patients, SF is a reliable estimate of body iron stores and therefore
useful in the distinction between iron deficiency anemia and the anemia of chronic
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
powerful test. Being more powerful than the other indicators in their evaluation, they
recommended that it be the only test necessary to evaluate iron stores. This
recommendation has been taken up by the Ontario Association of Medical Laboratories in
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their testing guidelines for adults® and in other recent publications.®

Some have had reservations about how well ferritin reflects iron stores during the
first months of life.** Others have reservations about the ability for SF to measure iron
status accurately in a population susceptible to frequent infections.* In several large
studies it has not correlated well with the other measures of deficiency, and specifically it
failed to identify a significant number of subjects with anemia.”’*%% Although it had
reasonable performance in the NHANES II, there were limited SF values obtained in
children under two years of age.*'

A frequency plot of SF values in a population is log-normally distributed.® As
with the other tests, there is no distinct separation between normal and abnormal values.”
The lower limit of normal for SF defined as the -2SD value was found to increase
progressively from 12 to 21 pg/L with increasing age.®® Suggested cut-off values range
from 16 pg/L%% to 10 ng/L.** The most common threshold value used in pediatric
studies is 12 pg/L.575#

Several studies have assessed the variability of SF measurements.®® In a study of
adults, both SF and TS had unacceptable day-to-day biological variation. They estimated
that 3-10 independent measurements were required to accurately determine values.*
Another recent study found less day-to-day variation than had been previously

suggested.® As with HB, capillary measurement of SF have shown only slightly more

variation than venous samples.**!

Transferrin Saturation, (TS):
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For many years it was the only non-hematological method to test iron status.”
Consequently it has been well studied in the hospital setting, ** and in the
community. 78834 It clearly measures 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 serum ferritin.’*>* However many studies have
shown some diagnostic validity of SF over TS.26°>% As with many of the other
indicators, iron and TS increase with age.

As a composite indicator, it is more reliable than either of its two components,
[ron and TIBC. Iron is the most labile of tests with both significant day-to-day and within
days variation. TS results can vary by approximately 20% of the morning level.’ In
children less than 3 years of age, though, the amount of diurnal variation has 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 <16% by the International Nutritional Anemia Consultative Group, INACG).*® In
NHANES II a cut-off value of the 10* percentile was selected which for the 1-2 yr age

group was <12%.%'-* Other studies use a cut-off value of <10% for infants,'? or 7%.%

Test Summary:

As one can see with a host of iron-tests, each with strengths and limitations
compared against different reference criteria, the selection of “best test” is problematic.
(A summary of each of the test properties is presented in Table 1.) In this confusing array
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it is difficult for either the epidemiologist or the clinician to know which test to apply to
populations or individuals. Reviews have suggested that since independent information
is available from each test, population surveys 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 follow trends in iron status. It also assists in an understanding of iron
interventions such as formula-fortification. With this knowledge we can better evaluate
the relative strengths of iron tests.

Most infants begin life replete with iron received through the placenta from their
mother. It was previously thought that this transfer takes place regardless of the mother’s
iron status.”'® It has now been shown that although iron is absorbed throughout
pregnancy a maternal deficiency in the third trimester as measured by SF is most
predictive of low iron stores in the infant.'-'® A study using radio-labeled iron at one
year of age indicates that 70% of body iron exists from what was transplacentally
acquired prior to birth.'®

Iron metabolism is maintained in a delicate homeostasis with little iron lost. The
conservation of iron is facilitated in several ways. When a blood cell dies after an average

lifespan of 120 days the HB is metabolized into bilirubin and other products which are
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then mostly reabsorbed. In this way there is seldom a significant net loss of iron. Of the
5,000 mg of body iron in the adult probably less than 1 mg is absorbed from the diet per
day even though 25 mg of iron per day turns over within the hemoglobin cycle.'*

The recommended amount of iron required by an infant has changed a great deal
over the years.'%1% Currently 0.5 - 0.9 mg of iron per day is advised.*'® There are three
ways of administering iron to an infant, supplementation, (providing iron as a
medication), the fortification of formula and the fortification of infant cereal. At first,
breast-fed infants do not seem to require extra iron. Although breast-milk only contains
small amounts of iron (0.2-0.4 mg/L), 49% of this iron is absorbed.'"® By six months of
age, however, most authorities recommend the addition of iron rich foods to the diet of
breast-fed infants.!'!-!12

The iron-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.**!!>11

Sometimes infants are low in iron because of a major hemorrhage which may
have occurred during birth or from having been born prematurely. For these infants and
the infants born to iron deficient mothers, early supplemental iron is important.

For the most part, the administration of these physiological amounts of iron is
seen as innocuous. A theoretical problem, however, with the administration of large
amounts of iron to a deficient individual is the potential to promote infectious disease
because the iron may be more bioavailable to pathogens than to the host.'? It has even
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been speculated that iron deficiency is a protective mechanism against infection in

tropical countries.'?'

Prevalence of ID:

Prevalence measured by HB:

For much of this century the health and nutrition status of infants and children has
been partially estimated through a measurement of iron deficiency. Most of these
measurements have been made using hemoglobin measurements of various types. The
historical and geographical context of ID will 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 find an almost universal
prevalence of anemia in the poor children of London's east end. She also demonstrated
the efficacy of iron-fortification.!” Guest found that 30% of American urban children
were anemic in a study conducted on 1735 children living in Cincinnati in the 1930's;
this was unchanged when reinvestigated in the 1950's.'> Katzman, in 1968 found a
12.5% prevalence of anemia in the 10-36 month age group of ethnically diverse infants
from New Haven Connecticut and noted a relationship to ethnic group as well.'**

In response to these trends, governments implemented public health programs to
address iron deficiency among disadvantaged children.'"” In addition to iron rich food and
supplemental iron being administered, an evaluation of the effectiveness of the programs

was conducted. Children from six states were consistently monitored by the Centre for
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Disease Control Pediatric Nutrition Surveillance System. Socioeconomic status as
measured from birth records of maternal age, education level and employment were
examined to ensure the comparability of the populations at both intervais. These
programs were shown to have had some effect on this problem as documented in 1987 by
Yip et al.' In this study the prevalence of IDA among low income US children declined
from 7.8% in 1975 to 2.9% in 1985.

Unfortunately this improvement has not been seen elsewhere in the US, perhaps
because of less nutritional intervention. In a group of 1 year old San Francisco children

in 1981 the rate of anemia, as measured by HB <110g/L, was 25%.%

Prevalence as Measured With Other Tests:

For many years the quantification of iron deficiency was limited to a measurement
of HB or hematocrit (HCT). These measurements only quantify the numbers of children
with iron deficiency anemia (IDA). It has been increasingly recognized that counting only
those with frank anemia misses the number of children with suboptimal iron stores.
Because ID typically precedes frank anemia there will always be more children who are
iron deficient than those with actual anemia.

By seeking to identify those with a reduction in iron stores without actual anemia
we see a much larger problem. In a study of 109 infants and children of low income
families from Michigan, Haddy et al used TS <16 as well as HB <110 g/L. and found a
prevalence of ID of slightly more than 50%.'? In Montreal in 1989 a study of children
found a 25% prevalence of anemia (Hemoglobin below 115 g/L) but actually 37% of
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children had evidence of iron deficiency, ( SF <10 pg/L).

There are many international studies which show similar results, mostly in
developing countries or socioeconomically deprived children. (Table 2 ) Research
conducted within developing countries assists in an understanding of ID within
disadvantaged populations of North America such as the urban poor or those in
Aboriginal communities.'?” Although co-morbid conditions such as parasite infestations
and hemoglobinopathies are uncommon in native communities, the nutritional

deprivation is analogous.

Prevalence within Aboriginal Populations:

The archaeological record of North American Indians possesses evidence of iron
deficiency within individuals of all ages from time to time. The unaided eye examining
skeletal remains, usually the scull, can see small holes of various sizes called 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.
Traditionally the scientific community has maintained that the observation of porotic
hyperostosis represents a period of nutritional stress. A newer explanation 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
successful adaptation to pathogen stress. Regardless of the explanation, ossuary samples
frequently present evidence for a high prevalence of ID within aboriginal groups. In the
Fairty ossuary the prevalence among children was 38%.'28
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Data have been collected and analysed from adult [nuit and Indian populations in
North America even other parts of the Arctic. Many of the studies 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 profile iron deficiency
in Inuit populations, finding a lower prevalence in the former and higher prevalence in
the latter. No Inuit children ages 1-4 years met their strict criteria for [DA but 21% of 19
individuals in this age group had a low SF and 47% had a low TS while only 5% were
anemic.®

An early study of Indians from reservations in Manitoba in 1952 showed that 73-
85% of infants under 2 yrs of age were anemic.'” Although the extraordinary prevalence
of anemia has declined since then, there is still a greater than 50% prevalence of iron
deficiency. (Personal 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
from urban or remote areas have had an alarmingly high 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.

Clinical Epidemiology:

Introduction:
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Comparison of the relative strengths of each test to measure iron deficiency is
assisted by the tools of clinical epidemiology. Initial comparisons between tests can
involve the capacity of each test to measure the prevalence of ID within the population.
Evaluation is based on juxtaposition of these prevalence estimates. These estimates,
however are dependent on the cut-off values chosen.

For a proper evaluation, a test needs to be measured against an external reference
point. If the test measures the individual as iron deficient and the external standard
agrees, then the test result is a “true positive”. The number of tests which are “true
positives” divided by the total number of subjects with ID gives a result called sensitivity.
“True negatives” divided by the total number without ID is called specificity. For
screening purposes the test usually 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 limited by the following factors: choice of gold standard
(reference criterion) and choice of a cut-off value.

The first problem is encountered because there is no authoritative external
reference, or “gold standard” for comparison. If, for example, SF measurements were
chosen as the gold standard for measuring ID, the performance of other tests could be
measured for how frequently 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 light of the prevalence
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of the condition within the population under study. The actual predictive value of an iron
test is proportional to the prevalence of ID in the population, (pretest probability). If we
know that there is a high prevalence then the positive test is likely to be a “true-positive”.
If there is a low prevalence, even if the test is very sensitive, the test is likely to be a false
positive, except under conditions of perfect specificity.

Another limitation of sensitivity and specificity measurements is that they are
dependent on binary decisions of positive or negative based on cut-off values. An
assessment method independent of these cut-offs has been developed which involves the
plotting of sets of paired sensitivity and specificity combination for the test. The resulting
line is called the receiver operator 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-offs:

When tests are to be applied to large populations, it is necessary to define a
normal range. Studies for this purpose utilize the observed frequency distribution in a
large group first to make conclusions about normality. 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 labeling
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only the minimum number of normals as deficient will always encompass those with and
without ID. (Figure 6) For a unimodal variable the same tension exists to chose a lower
end of normal which appropriately selects those in need of treatment.

Usually the mean but sometimes the median and 2 standard deviations (SD) of a
group of healthy individuals are used. The exclusion of “unhealthy” 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 normal values is found in Appendix [V for NHANES II. Similar normative
data have been obtained from various sources. Nutrition Canada Survey in 1973.%
Preschool Nutrition Survey, Ten State Nutrition Survey*>, NHANES I and patients within

the Kaiser Permanente health care group in San Francisco.*

Receiver Operato;' Curve, (ROC) Methodology:

When using an iron test, one is interested in the ability of the test to correctly
identify a subject as deficient or not. The capacity to make this determination is partially
represented within the concept of sensitivity. The opposite characteristic of a diagnostic
test’s performance is specificity, which describes the alternate 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 measurement a "cutoff" point needs to be chosen as a threshold
below which we can define individuals as unaffected and above which we can define the
individuals as affected. The sensitivity and specificity of a test usually vary inversely
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according to the cutoff value chosen. The more inclusive the definition of deficiency the
more sensitive but less specific. Hence an understanding of a testing properties involves a
contrast between the sensitivity and specificity of tests at different cutoff values.'*® The
Receiver Operator Characteristic analysis (ROC) is 2 method to evaluate the diagnostic
accuracy of a test independent of its threshold values. ROC methodology will be outlined

below.

General Principles of ROC Analysis:

ROC analysis was first used to separate signal from noise in the early
development of radar during the second world war."3! It was later developed to assist in
the assessment of variability in the interpretation of radiographic 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 first to use ROC
methodology to evaluate iron tests. In their paper they asserted, “The performance of an
indicator of health or nutritional status depends on sensitivity and specificity properties
over a range of cut-offs % '*

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 allows us to statistically compare the tests
without reference to the specific 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 determined 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 curve doesn’t allow one to
factor-in the relevant costs and benefits inherent in the choice of a cut-off level.'*
Because of this, alternate methods exist, such as decision analysis which contrasts the
implications of net cost, net benefit and prevalence.56-134!3°

The selection of this threshold is problematic because one has to weigh the cost
of not detecting individuals because of an insufficiently sensitive test against the
consequences of incorrectly identifying individuals as affected by using an insufficiently
specific test. The first step in selecting a cutoff point is to construct a graph of the true
positive ratios (sensitivity) against the false-positive ratios (1-specificity). The resulting
plot is known as the receiver - operating - characteristic curve, (ROC)."*

Not only can the testing characteristics of the curve be graphically demonstrated
for the empirical choice of a cutoff value, (operating point) but two curves can be
compared against one another. Since the scale of the ROC plot of sensitivity vs
1-specificity is on a scale of 0-1 on both axes it is independent of the units used in the
individual tests and therefore different indicators can be compared. The perfect test
would result in a curve going immediately from 0,0 to 0,1 and then drawing a horizontal
line to 1,1. Realistically curves are convex with better tests pointing to the 0-1 point. The
weaker the test, the more it describes the 0,0-1,1 line of “no information”. The areas under
the curves (AUC) can also be compared and the statistical significance of the difference
measured."*”*® The AUC also represents the probability that a randomly chosen diseased
subject is (correctly) ranked with greater suspicion than a randomly chosen non-diseased
subject,!33-139
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Calculations of the AUC can be made using methods which assume a normal
distribution of the tests. The maximum-likelihood method developed by Hanley and
McNeil has been widely employed in the calculations of individual test areas under the
curves which are presented with the standard error (and symmetrical normal 95%
confidence limits)."’ In this way curves can be compared one with another. Small
deviations from normality are not thought to invalidate this method.

Curves can also be compared with the “line of no information”, a diagonal line
connecting the coordinates 0,0 and 1,1. Calculations involving the non-parametric Mann-
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 line of no
information.

It has been shown that non-parametric formulations have statistical power that is
equal to the model outlined above.'*® In addition, they do not make assumptions about
the distribution of the data.'*' Although the nonparametric “trapezoidal rule” for
calculating AUC usually yields a slightly smaller AUC than the parametric smoothed
curve, this difference is not clinically significant if the non-parametric curve is composed
of five or more cutoff points. The AUC of different tests can be compared with one
another using a method which takes into account the correlated nature of the curves.
Because different iron tests were performed concurrently on blood taken from the same
individual we can capitalize on the inherent statistical power of drawing curves from
“correlated” samples.*>'** This is similar to the use of paired t-tests when using the same
subjects as a way of minimizing variation. These curves are constructed using the method
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of DeLong, DeLong and Clarke-Pearson."*® The resulting test has a chi squared
distribution which can be used to test the statistical significance of the differences
between the AUC of our different tests. Iron tests with larger AUC measurements have

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

Screening:

Screening Principles:

Screening is intended to identify unrecognized disease in apparently well
individuals. A screening program is not intended to be diagnostic, but rather to identify
those individuals who might benefit from further testing or intervention.'® In 1968 Wilson
and Jungner outlined principles for early disease detection:'*

1. The condition sought should be an important health problem

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

3. Facilities for diagnosis and treatment should be available

4. There should be a recognizable latent or early symptomatic stage

3. There should be a suitable test or examination

6. The test should be acceptable to the population

7. The natural history of the condition, including development from latent
to declared disease, should be adequately understood

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

9. The cost of case-finding (including diagnosis and treatment of patients
diagnosed) should be economically balanced in relation to possible
expenditure on medical care as a whole

10. Case-finding should be a continuing process and not a "once and for
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all” project

The importance of ID in relation to infant psychomotor development as well as
the efficacy of an iron intervention have been well described.57#+146.147 The choice of a
suitable and acceptable test as well as the policy of whom to treat has been the main focus
of the literature review. Decisions about the economic justification 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 prevalence of IDA as well as the
mixed success of iron therapy on mental and motor milestones. The Task Force
concluded that there was insufficient evidence to support a general screening of Canadian
infants.

[nstead they promoted the selected screening of infants from families of lower
socioeconomic status. Those with suspected poor diets should receive nutritional
assessment 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
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advocated.'$®

Early detection was contrasted with an alternate approach of primary prevention.
They also advocated dietary recommendations similar to those of the Nutrition
Committee of the Canadian Pediatrics Society who recommended iron-fortified formula
for non-breast-fed infants. They outlined the need to postpone whole cow-milk until one
year of age as well as the use of iron-fortified cereals for all term infants. They made no
recommendation regarding detection of IDA.'¥?

The U.S. Preventive Services Task Force in 1989 made recommendations that a
screening venous hemoglobin should be offered once to all infants and that parents
should be encouraged to include iron enriched foods. They explained that the cost of SF,
TS, and EP made them unsuitable for screening.'*® The American Academy of Pediatrics
recommended at least one HB or HCT in infancy and at least one ages 1-4.!5' HB was the
preferred test followed by a therapeutic trial of iron for those below threshold rather than
further testing.

Although American recommendations seem to favor a more comprehensive
screening approach, the Canadian guidelines 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
information is determined by population health surveys. Wilson and Jungner made a
careful distinction between screening programs and population health surveys.'** 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 individuals, is more
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directed at the quantification of the extent of disease within 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 health planning process which may
or may not suggest a screening strategy or one of primary prevention. Primary prevention
describes the systematic effort to reduce risk factors for disease in the entire population.
In this situation it would mean trying to eliminate any dietary iron defecits through a
program which includes 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 uniform administration of iron-fortified formula and iron-fortified

infant cereal.
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Methods:
Summary of the 1992 RCT of Formula Fortification:

In order to understand the context of the data and the population from which the
data for this thesis are drawn it is necessary to first present a brief overview of the
methods and results of the original study. The RCT was designed to evaluate the impact
of iron-fortified formula on infant mental and motor development.'?

From June 1988 to April 1992 infants were selected from the general population
of infants attending the Winnipeg Health Sciences Center (HSC), outpatient clinics for
entry into a study. Inclusion into the study required that infants be less than two months
of age and have mothers electing to use bottle feeding. Infants with conditions which
could affect growth, nutrition or influence a developmental assessment were excluded.

Informed, signed consent was obtained by the research associate after an
interview on the maternity ward, at the HSC outpatient clinic or at one of two nearby
community clinics. Breastfeeding mothers were not 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 blinding and randomization procedures. Analysis was conducted on the
descriptive variables by treatment group to determine the effectiveness of randomization.

The equivalence of treatment groups was confirmed in the original paper.
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Data Collection:

Figure 8 presents a summary of the timing of data collection and the numbers of
infants available for assessment. Although not all subjects had the complete set of 6 iron
tests at each follow 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 collected: 1) variables 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 infants’ third month of life and before
randomization. Sociodemographic variables were collected and the information was
supplemented by a review of the hospital records.

Sociodemographic Variables:

Since these visits did not actually take place on the infants’ 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 arms of the study.

The original study examined other sociodemographic variables and measures of
infant stimulation to examine for inequality between groups and with the exception of a
slight excess in history of matemal alcohol abuse (17/33 vs 8/25) none was found. The
study employed Hollingshead’s “Two Factor Index of Social Position” as a way to profile
the economic and social status of the infants mothers.'*> This index was chosen to detect
more subtle deficiencies in the original randomization.
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Clinical Measures of Iron Status:

Although descriptive variables were collected at approximately 2 months of age
there were no blood tests taken until several months after 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 development, the
study nurse drew venous samples from the infant. These were taken from 9:00 to 4:30
p.m., though most were in the moming. The samples were transported the same day to the
laboratory and were handled according to protocol. All laboratory testing was conducted
in the clinical laboratory services of the Health Sciences Center of Winnipeg which takes

part in a rigorous internal and external quality control program.

Coulter Counted, Hematologic Variables:
The HB, MCV and RDW were automatically measured using a Coulter Counter
(model STKR; Coulter Col, Hialeah, Fla.). Results are reported in SI units; HB g/L,

MCYV fl., and RDW %.

Biochemical Variables:
Free Erythrocyte Protoporphyrin, (FEP) pumol/L was measured using the
extraction and fluorescence method of Piomelli ;5 Serum Ferritin, (SF) pg/L., was
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measured with the Abbott IMx method (Abbott Laboratories, Abbott Park, Ili.);
Transferrin Saturation (TS) % was calculated using the formula: Serum Iron / Total Iron
Binding Capacity (TIBC) x 100. Serum Iron was measured with the Kodak kit (Eastman
Kodak Col, Rochester, N.Y.) and TIBC with the Kodak kit (with magnesium citrate

precipitation).'

Methods Used in This Thesis:

Introduction

This thesis used secondary data analysis of a longitudinal data-set containing
multiple measures of iron status on a cohort of aboriginal 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 remote aboriginal

populations?

Data Management:

Data Transfer: A data file was transferred from the mainframe of the University of
Manitoba computer via diskette and installed on a 586 desk top computer running
Windows 95 and Sas 6.11. The file contained unique subject ID numbers and variables
connected to each individual, however no personal identifiers were included in order to
maintain confidentiality.

Using SAS software (SAS Institute, Inc., Cary, N.C.), data were manipulated to
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examine the relationships between different measures of iron status and the extent to
which they measure the outcome of interest, iron deficiency. New variables created to

answer the specific questions are outlined below.

Ethics:

Ethics approval was obtained from the University of Manitoba Faculty of
Medicine Committee for the Study of Human Subjects in Research for the secondary
analysis of this data. Confidentiality was ensured 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, comparison of the data from each of the intervals allowed 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 analysis involved the examination of the relationships between
an individual’s iron test at one assessment and the same individual’s iron test(s) at a
subsequent assessment. Finally, iron test results were analyzed according to treatment
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group. The group 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 from infants receiving regular-formula
permitted the assessment of test performance in a higher prevalence population. Data

from both groups combined contained a complete range of iron status values.

Analysis of Iron Status:

Means:

Since values for the iron tests are continuous variables. Mean values and standard
deviations, (SD) were calculated for all of the study subjects together as well as
separately for those receiving iron-fortified formula and those receiving regular formula.
Logarithmic transformation of the serum ferritin values and calculation of geometric
means was necessary because results did not follow 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 all tests at the six month visit and
presented in tabular form together with “p” values as a test of statistical significance.
Mean Values Within Ranges of Hemoglobin Values:

Hemoglobin values provide a familiar frame of reference for clinicians and
“anemia” has been the traditional proxy for ID. We therefore grouped study subjects

according to their hemoglobin values by ranges of 10 g/L. The expectation was that those
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individuals within the lower deciles should have lower values of SF, TS and MCV and
higher values of FEP and RDW. It was also expected that the mean test values from each
HB group would parallel the HB increments. The mean value of each test within the
HB=100 cluster was examined in order to suggest an emperical “cut-off” point for each
test.

Operationally, all 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 <90 g/L

90 = those with HB values <100 g/L

100 = those with HB values <110 g/L

110 = those with HB values <120 g/L

120 = those with HB values <130 g/L

130 = those with HB values > 130 g/L.

Selection of “Cut-off” Points:

Having reviewed the literature regarding the wide range of suggested “cut-offs”
for each of the tests it was difficult 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
verify the chosen threshold value, the effect of varying this “cut-off” point on respective
prevalence estimates at the 9 month assessment 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 ID was defined as the number of individuals possessing a value below the
accepted threshold for each indicator according to published criteria. These widely
accepted thresholds were determined using population normative data from large studies.
In most cases the mean and two standard deviations of values for populations of well
children define the “normal” range, below which subjects are defined as deficient. Using
these criteria each test was compared to the others according to the number of individuals
that each test identified as iron deficient.

For HB an individual was designated deficient if below 110 g/L. Most studies
support this level though some accept cut offs at 105 and some 115.3%5 For MCV the
choice of cut off from the synthesis of literature is between 70 and 73.** In a study of
2,314 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 of age.** Other sources also
specifically support a cutoff of 70.">!* The utility of this value, however, seemed limited
as evidenced by results of the data analysis. Operationally many pediatricians working
with populations of aboriginal children to detect ID employ the 74 fL 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%"-%, at the laboratory where samples for our study were analyzed
11.5-14.5% is the accepted range for all 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 studies.'*!>

For FEP, there is some debate about whether the upper limit of normal should be
35 or 45 pg/dl based on population studies of children.®® In 1993 the American Academy
of Pediatrics (AAP) Committee on Nutrition recommended a threshold of 30 ug/dL.!%
For this study the determination of deficiency is based on the accepted threshold of “any
value greater than 35 pg/dl”."*% Because the laboratory values used in this study were in
S.L. units, the conversion factor 0.0177 was used to arrive at the threshold >0.62 pmol/L.

For SF, many studies use a cut-off value of 10 pg/L for this age group, 2**° but the
more widely accepted deficiency definition for children in the first two years of life is any
value less than 12 pug/L.*# For TS any infant with value less than 10% was considered

to be iron deficient.?

Estimating Sensitivity in Absence of a Gold Standard:

For most published studies which evaluate diagnostic tests any new test is usually
compared to an established test, ideally one that is the most accurate and therefore
referred to as a “gold standard”. “Sensitivity” is a measure of the true positive fraction of
the new test. In the context of this thesis “sensitivity” is ideally the proportion of
individuals identified as iron deficient who are fruly iron deficient.

[n the absence of a true “gold standard”, to arbitrate which individuals are
correctly identified as deficient from those falsely identified, this study was limited to
comparing cach test against all others. We began by sequentially allowing each test at an
accepted cutoff value to be the surrogate “gold standard”. If we consider an example in
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which MCYV is the “gold standard” and attempt to calculate the sensitivity of HB we can
construct a 2 x 2 table with MCV on the horizontal axis and HB on the vertical axis.
Study infants can fall into one of four cells;

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

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

c: false negative (iron deficient according 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 d/b+d

[f we then alter our perspective to consider the sensitivity of MCV with HB as the
“gold standard” along the horizontal axis the 2 x 2 table rotates about the diagonal axis
from the previous sample calculation. The values in the cells 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. Unfortunately there is no combined measure of “average sensitivity”
and so the series of sensitivity/specificity calculations are presented in a larger composite
table patterned after Mahu, 1990."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 comparison tests are presented in turn.
By scanning across a row for each of the tests one can gain an appreciation of the relative
sensitivity of the test as well as which test is most concordant with which.

The false negatives, false positives and the total numbers of subjects are not
displayed in the sensitivity or specificity 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 cell varies with each cell of the table.
It is a function of how many individuals had a laboratory determination 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 [D

screening.

ROC analysis:

Sensitivity and Specificity Measurements at Different Cut-off Values:

Introduction:

As discussed in the previous sections, the selection of cut-off values, while
governed by scientific methodology, is limited by inherently empirical and subjective
choices. Even the estimated sensitivity calculations involved the use of a surrogate gold
standard which is only as accurate as the cut-off value selected. It was therefore desirable

to utilize a technique which could evaluate the relative strengths of different tests
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independent of cut-off values. Consequently the remaining analyses were conducted
using receiver operator curve analysis, (ROC) to compare the size of each tests’ area
under the curve, (AUC).

Because one of the tests, SF, has values which do not follow a normal distribution
and because non-parametric methodology does not significantly reduce the ROC AUC
when more than 5 points are available, a non-parametric ROC method was chosen. The
method of Hanley and McNeil was used to compare individual curve’s AUC with the line
of no information.'*® The resulting test is called a Z score. Computer 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-tailed p values in order to test the significance of differences
between each of the tests’ area under the ROC curve and the theoretically minimum area
which would provide no discriminative power, (the area under a diagonal line on the
ROC graph, the line of no information).'s

It was also possible to compare each of the iron tests with one another for
statistically significant differences. Because the data structure was such that each
laboratory determination was made on the same subjects, the between subject variability
was limited and the method of “correlated ROC curve comparison” was
utilized. 1312143 This analysis is similar to paired t-testing and allows for greater
inference to be drawn from smaller subject numbers. Comparisons were conducted
between two and three tests at a time.

The software employed for this analysis required that several changes be made to
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the variables. The program required the use of integers between 0 and 200. In order to
supply only integers for analysis the original data values were “rounded 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-specificity pairs, changes in absolute test values do not affect the comparison.
There is no bias resulting from reducing the number of significant digits in the laboratory
value or in “rounding up” since the rank order of test results remain the same. Although
the loss of significant digits results in less unique laboratory values, it does not effect the
number of points on the sensitivity/specificity graph as long as the number of points is
greater than 5.'%3-1%°

The program also assumed that higher scores, rather than lower, are associated
with a higher risk of having 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 curves sweep in the proper direction, data values were transformed
by subtracting their respective values from 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 available, it was necessary in each of the following sections to define a “gold
standard” according to the specific objective of the analysis at hand. These alternate
reference standards were derived from whichever tests were not being compared at that
assessment age. In two analyses the longitudinal nature 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
assessment age. The outcome of interest, an ongoing drop in HB or a rise in HB in

response to treatment became the de-facto “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 individuals with a normal HB
value, if they increase by a significant amount after receiving iron are deemed to have
been deficient. The second analysis, based on the theory that iron deficiency happens in
stages considered that a drop in HB could be anticipated by low values of other tests
which are thought to precede anemia.The third analysis, capitalizing on the generally
accepted position of ferritin as the best measure of iron stores, identified individuals
below a threshold value of SF as deficient. This served as a concurrent gold-standard.

In the final analysis a composite definition of deficiency was employed using
three hematological tests in parallel. Individuals were designated as deficient if they had
any of the following: anemia, (HB<110 g/L), microcytic cells, IMCV <74 fL) or
anisocytosis, (RDW >14.5 %). In this analysis the relative strengths of FEP, SF and TS
were compared.

ROC analysis with “Gold Standard”: Responders to [ron Therapy:

Previous studies have demonstrated that one of the best ways of truly identifying
which individuals have ID is to document an increase in the HB value after treatment
with iron. Responders to iron therapy are retrospectively defined as having been iron
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deficient. This study utilized the longitudinal nature of the data-set to select those
individuals from the treatment group whose hemoglobin rose by 0.5 g/L between the first
and second or the second and third assessment age and tried to determine if the other
indicators identified them as iron deficient at the previous visit. All subjects within the
fortification arm 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 time-1 would
predict that a rise in HB should take place at time-2 with iron administration. ROC
analysis was used to examine the sensitivity and specificity of iron tests separately at 6
and 9 months to identify those who would respond to iron therapy at 9 and 12 months

respectively.

ROC analysis of Hemoglobin Trajectory:

Hemoglobin levels which in some subjects fall over time should be preceded by
changes in the other indicators. The longitudinal nature of this data set provided the
opportunity to observe the natural evolution of hemoglobin levels in all subjects, but
especially in those who were not receiving iron-fortified formula. This analysis was
conducted on the whole population rather than on just the unsupplemented arm of the
study because even some individuals within the iron-fortified arm still exhibited declining
HB values. Within the fortified arm of the original study the amount of supplementary
iron was much smaller than the dosage conventionally used for the actual treatment of
anemia. Five individuals with profoundly low hemoglobin values (HB <90) 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 “noise”, the results of
the analysis with them included provided a clearer separation between AUC values.
These results are presented in tabular form with AUC and Z statistics. Separate
calculation of correlated ROC curves are presented including the % value with a pyyeq

test of significance..

ROC Analysis with Serum Ferritin as a Reference:

The literature suggests that SF is the first parameter to become abnormal in the
development of a deficiency state. It is possibly also the first 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-ferritin tests, (HB, MCV,
RDW, FEP and TS) with a ferritin standard in the unsupplemented group. Those with a

ferritin value below 12 ug/L were defined as deficient.

ROC Analysis of Biochemical Variables Compared with Hematological Variables:
Ultimately, this paper has set out to make recommendations regarding population
surveillance in aboriginal communities. Clusters of aboriginal people live in urban areas
as well as areas which are remote or isolated from major centers and associated
diagnostic facilities. Because it is impractical to move large, expensive, computerized
hematological equipment to these communities and because alternate hematological
methods are not as reliable, it is useful to assess the biochemical indicators in comparison
to the hematological ones. The biochemical tests are less susceptible to deterioration with
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time and transport. If comparable with the hematological ones, in spite of their higher
expense, they could be well applied to the evaluation of iron stores in these isolated
settings. The “maximal” hematologic definition used for the ROC analysis considered as
deficient all subjects with the following values: HB <110 g/L or MCV < 74 fL. or RDW
>14%. (because “or” rather than “and” was chosen in order to maximize the number of
subjects which would be defined as iron deficient). Using this composite definition it was
possible to compare the performance of the other tests, FEP, SF and TS identifying these
iron deficient individuals. The data requirements necessary for the computer program to
compare correlated ROC curves required that there be equal numbers of subjects for each
test curve being compared and they each be presented in sequential order with “y” or “n”
values for deficient or not. Because of this, the data were presented for analysis according
to their subject ID number and were removed from consideration if there was not a
complete set of determinations for each of the three biochemical tests.

In order to evaluate the numbers included in this “maximal definition”, a form of
“sensitivity analysis” was undertaken. The analysis was repeated five times using
deficiency definitions incrementally inclusive to demonstrate the effect of higher cut-off
points. Initially using the conventional “anemia” definition, “HB less than 110", then
including those with both HB < 110 and MCV < 70. Next it was recalculated including
any of three hematological parameters in the definitional statement; HB<110, MCV <70
and RDW >18. The fourth analysis increased the RDW cut-off to RDW > 14. Finally the
“maximal” definition was employed as outlined above shifting MCV to <74.

The significance of the difference between the AUC values for SF, TS and FEP
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and the line of no information were calculated in the standard method, the difference
between test areas under the curve was compared using the method taking into account
the correlated nature of the ROC curves. Power calculations were conducted to estimate
the minimum sample size to find a difference between AUC values assuming

independence of variables. Calculations were made for a range of alpha and beta errors.
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Results:
Results of the Study From Which the Data Originated:

Sociodemographic Variables:

The economic situation of this population of children is perhaps best described
with the statistic that (94%) 189 had parents who were unskilled laborers or were
unemployed. There was a range of family structures represented in the study population
(Figure 10). The majority involved the support of extended family, usually parents or
grandparents. Eight percent of the infant’s mothers were single parents; twenty five
percent of mothers were living with a partner. For 35% of the study infants the mother
was not living with the child.

Since educational level is a correlate of socioeconomic status, a measurement 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 post-matriculation training. (Figure 11)
The population of infants studied in this trial came from an underprivileged segment of
society. This is evidenced by the fact that only 50% (121) of their 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.
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Results from this Thesis:

Analysis of Iron Status Tests:
Mean Test Values:

Figure 12 presents the mean values of each iron test for the total group and Figure
13 contrasts each treatment arm at each follow up visit. Two types of patterns in the data
are apparent. First, there are trends which can be seen over time and second there are
differences between the fortified and unfortified arms of the study.

For the HB series it is evident that the arm receiving iron fortified formula is
uniformly higher than the regular formula arm. 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
difference between arms of the study but there is no evidence of a temporal trend. For TS
there is a similar difference between study arms and a step-wise increase similar to HB
over time.

It is consistent with our understanding of iron deficiency and the measurement
properties of each of the six tests that the differences observed between the iron-fortified
and unfortified arms are positive (infants receiving fortified formula have higher scores
than those receiving unfortified) for the tests HB MCV SF TS. The differences are
negative (eg. the results in the unsupplemented group are higher than the supplemented
group for the tests RDW and FEP).

Horizontal lines have been drawn at the level of the cutoff value defined for use in

this thesis. Until the means are presented separately for each arm of the study, the cutoff
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value is not close to the mean. However, when we separate the unfortified from the
fortified group, the means from the group receiving unfortified formula are sometimes
beyond the cutoff value, ( ie. six month mean for HB, two RDW means and all FEP
means). It is worth noting that each test seems able to measure the effect of formula

fortification as seen in the difference between the means for each group.

Correlation Coefficients:

Pearson correlation coefficients are presented in Table §; Log SF was used for the
comparison. While all tests have some degree of correlation and the direction of the
correlation is as expected (with RDW and FEP opposite to the others), there is a lesser
degree of correlation amongst the biochemical tests than the hematological tests. There is
more correlation between MCV and SF or TS than between SF and TS. Most of the test

are significantly 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 g/dl. (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 parallel increase with
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hemoglobin as HB groups increase. All tests have a distinct separation between the 80
and 90 g/L groupings, but the means of tests other than TS tend to become more equal in
the higher HB groups.

The mean test value within the 100 g/dl group could be considered as a suggested
cut-off value for that test. This HB group represents the cluster of individuals hovering
just below the accepted anemia threshold for this age, (110 g/L). In the case of MCV it
comes 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 incremental cut-off values on
prevalence estimates. This provides support for the selection of MCV <74 fL and FEP
>0.61 pmol/L. Using these cut-off levels 30-40% of the total group is identified having
ID at the 9 month assessment compared with 10 to 20% with the literature based cut-off
levels. One can see that MCV <70 fL. and FEP < 0.8 umol/L likely underestimate the
prevalence 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 prevalence over time. Estimates of the prevalence of ID vary
according to which test is selected and the cut-off value that is chosen. There is a wide
variation in the estimated prevalence of ID at each follow 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 increased to 74 fL the percentage was 55). However at the 15 month visit
HB identified 12.9% as iron deficient whereas FEP identified 34.3% and SF identified

39.2%.

Estimated Sensitivity:

Table 6 introduces a sample calculation of a pair of 2 x 2 tables for MCV and HB
and explains how the denominator shifts when the defining test changes. Cell “a” in this
table will 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 iron deficient by SF only 30 (36.1%) are also judged iron deficient by HB
thus leaving 45 subjects whose iron status is equivocal. HB and MCV have the lowest
numbers for sensitivity although not dramatically different from the other tests.

Table 8 reports on the estimated specificity at the 6 month follow 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. All of the tests are approximately 70-80% specific except SF which is between 60

and 70% specific for all of the tests.
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ROC analysis: Sensitivity and Specificity Measurements at Different Cut-off Values:

Hemoglobin Rise as Evidence of Prior Deficiency:

Table 9 presents the data from this analysis. HB appears to be the best predictor
of subsequent rise in HB with treatment based on AUC values. AUC values for TS
however are almost as high. Tests of significance between AUC values were not
conducted as they are relatively close for HB, MCV (9 mo), RDW and TS. The Z scores,

(difference from the line of no information), are only significant for HB.

Hemoglobin Trajectory:

Table 10 presents the results of this analysis. There were 34 children identified as
anemic at the 12 month visit. The denominator is slightly smaller with some of the other
tests because of missing values, (which are presented in the second column). The smaller
n should not have affected the calculation of AUC values or Z scores.

HB has the highest AUC ( 0.7941) and therefore HB at 9 months is superior 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 comparison, HB is significantly different from TS
or SF, (x* value = 6.6430 with two tailed p of 0.0361).

By comparing individual AUC values with the line of no information, all except
FEP achieve statistical significance. Although they are each significantly different from
the line of no information they are not significantly different from each other.
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ROC Analysis with Serum Ferritin as a Reference:

Because ferritin is thought to be the best measure of iron stores the analysis in this
section considers ferritin as the “Gold Standard”. ROC curves were drawn and AUC
calculations made for the comparison of all non-ferritin indicators with ferritin at the
same time period. The cut-off value for ferritin as a reference was any value less than
12pug/L. The two types of observations which can be seen from Table 11, whichisa
summary of these calculations, are the values of each of the curve areas at one point in
time and the cross-sectional trends in curve area with each successive assessment age.

The accuracy assessments of the non-ferritin 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). MCYV has the highest values, which is consistent with
the high degree of correlation between SF and MCV as seen above with Pearson
Correlation Coefficients, (Table §). Calculations were done for values at all 4 sampling
ages to assess for any age related effect. Although average AUC values were not
calculated one can see that all values are between 0.6 and 0.7 and although mostly
significantly different from the line of no information they are not different from each of
the other tests.

With only one exception the AUC values become smaller at each assessment age.
(TS at 15 months is slightly higher). The z scores are similarly higher at the first 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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Biochemical Variables Compared with Hematological Variables:

The AUC comparisons were conducted on the curves for each biochemical test at
each of the follow-up intervals including a chi squared test of significance (Table 12).
The gold standard was a maximal hematologic definition of deficiency (most inclusive).
This utilizes a parallel combination of either HB <110 g/L or MCV<74 fL. or RDW
>14%. The AUC values are most significantly different at the 6 month follow-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 x?is 5.5113 with 2 df and a P, .34 0.0636. In a 2 way comparison TS vs
SF at 1df, x?is 4.5231, P, s 0.0334.

This, however, was the only significantly different AUC value. All 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.

In order to assess the choice of the reference definition we altered the definitional
statement in the gold standard, (this is a form 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
iron deficient. Table 13 displays the incremental benefit of making the definitional
statement more inclusive. In the third row RDW >18%, 77 individuals are identified as
deficient. In the fourth row however, establishing a more inclusive threshold for RDW
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(any value greater than 14%) results in 97 individuals identified as deficient (20 more!).
This translates into higher AUC values for each biochemical test and also increases the
significance of their difference. 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 iron deficient by a third supports the
proposition that there are many individuals with pre-anemic ID who need to be identified.
Power calculations were conducted assuming variable independence in order to
consider the minimum sample size to reliably measure the difference or lack of a
difference between ROC curves. We were not able to factor correlation into this power
calculation. Table 14 presents the comparison between TS and SF. The sample sizes
required for even a 5% alpha and 20% 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 curves

presented is unlikely to be a result of an insufficient sample size.

Summary of Results:

1. Several of the analyses within this study re-confirmed what was known from
the literature and the RCT from which the data originated: that there is a significant
benefit from the administration of iron-fortified compared with regular formula to non
breast-fed infants.

2. An interesting finding of this study was the high prevalence of ID at the 6
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month assessment when infants are still thought to have only begun depleting their
maternally acquired iron stores. Recommendations for iron screening late in the first year
of life may be unnecessarily late for individuals within a high risk population.

3. The selection of cut-off values for MCV at 74 fL. and FEP at 0.62 umol/L was
demonstrated to be more useful than the more restrictive cut-off values suggested in the
literature.

4. Biochemical tests for ID, especially SF, have been advocated as being
significantly superior to a HB assessment. From the analysis of predicting HB 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 equally useful as SF. Where available,
hematologic tests such as MCV and RDW may be used together with HB to increase the
numbers identified as deficient. How many of these additional individuals are truly

deficient could not be determined by this study.
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Discussion:

Study Limitations:

The availability of secondary data permitted the comparison of iron tests. One is
forced to be opportunistic with secondary data rather than constructing data collection or
an intervention to answer specific questions. The chief limitation of this thesis research is
the lack of an external gold standard. This resulted in some circular logic as tests were, by
necessity, compared with reference to each other rather than an external reference test.

While the number of subjects recruited for this study was carefully calculated on
the basis of the numbers needed to provide sufficient statistical power to demonstrate the
effect of iron-fortified formula on infant development, there may not have been sufficient
numbers to compare iron tests.'”’ In spite of this, most studies comparing several tests
have used the same number or fewer infants. Some of the studies, including NHANES II
have even suggested normal values for children under age 2 based on from smaller
numbers of infants. When this study used ROC methodology to assess differences in
tests with reference to SF there was only a slight difference in AUC between tests. Direct
power calculations of the number of subjects needed to demonstrate that no difference
exists show that at least 100 more infants would have needed to be recruited. This,
however, failed to include the statistical benefit of performing the calculations on paired
observations.'*® The SF and other tests were determined from the same subjects and
therefore some variability was removed. The statistical benefit is similar to the paired t-

test which could not be directly calculated for the AUC comparisons. One can reasonably
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assume then that the study numbers were likely sufficient to have discovered any
difference if it was present.

Iron tests conducted at birth, two months of age or from the mothers during
pregnancy would have provided additional information. It is understood that this would
have adversely affected subject recruitment but would have contributed to the
understanding of the maternal influence on ID and better assess the effect of iron
fortification on those who were deficient from birth.

Multiple measures from the same infant over time were helpful to follow 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
affected our analysis of HB response to treatment or limited the numbers of subjects
available within the HB trajectory analysis. There were, sufficient numbers to find some

differences.

Suggestions for Future Research:

To more definitively answer the question abm;t 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
biochemical 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 their response to an iron intervention. For reasons mentioned above
the only hematological test available would 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 would not be possible for reasons of consent and
participation but multiple laboratory determinations on the same blood sample would
allow an assessment of technical variability. It might even be helpful to perform
hemoglobin electrophoresis on all, or a subgroup, to document the prevalence of
hemoglobinopathies within the population.

The use of a new test, Transferrin Receptor has shown promise. It is available on
a research basis and the purchase cost is not available. Like the other non-HB tests it is
able to detect ID prior to anemia. It has the additional benefit of not being affected by
inflammation. Future studies may employ this test for diagnostic or survey
80,158-160

applications.

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, especially in
the group receiving unfortified formula. These same tests were also able to show that the
administration of iron-fortified formula provided benefit prior to 6 months even though

iron stores are thought to be adequate during this period. These findings support the
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recommendations from the original study and the literature which advises the
administration of iron-supplementated infant formula to non-breastfed infants. (And by
extension, for the administration of supplemental iron to breast feeding infants after the

age of 6 months.)

The Superior Iron Test:

This study also demonstrates the difficulty 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 individuals may be falsely identified as
having ID, (false positives), each test has some additional merit. Even though the data do
not allow the confirmation of each subject’s underlying iron status it is reasonable to
conclude that many of the additional individuals identified by each test do, in fact, have a
deficiency of iron. Although there are liabilities associated with falsely labeling an
individual as positive, in case of ID the problems associated with providing a relatively
innocuous iron treatment to some individuals who may not need it outweigh the liabilities
associated with leaving untreated those who may have ID but are not identified by an
insufficiently sensitive test. (See the discussion below about Decision-Analysis.)

None of the tests is clearly superior. This is consistent with recent reviews which
admit there is no clearly superior test.’ In fact for population surveys, multiple tests are
recommended.¥’

The ROC analysis was conducted in order to provide a method of cut-off

67



independent verification of test performance. The use of a parallel hematologic definition
of deficiency, (any of 3 tests) was chosen to maximize the number of individuals
identified with ID. Even though some may not have had serious ID, they were likely
close to being iron deficient. Though there were always differences between each of the
iron tests’ AUC and “the line of no information” and some differences in AUC between
iron tests were demonstrated, they were very modest and not sustained over the 4
assessment ages.

The comparison with HB trends was performed because in the literature this is the
only available population “gold standard”. As in the test comparison conducted by
Margolis et al, all of the tests were about 60% sensitive.”” The utility of four tests will 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 counter) for HB, MCV and RDW
determinations. Because there are technical difficulties in the analysis of hematologic
assessment transported from remote communities inexpensive portable machines called
photometers can be used for capillary or venous HB determinations. These instruments
are unable to reliably measure MCV or RDW and therefore the complete spectrum of
hematological information is unavailable. For isolated areas then, one can use only HB,
or transport the biochemical specimens.

For measurements made of subjects residing in an area with a Coulter Counter,
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the composite hematological test (HB, MCV, RDW), would be the superior, economical
test . The use of this multiple test policy may result in a small number of false-positive
tests. Even so, treating an infant who is not iron deficient with iron is less harmful than

failing to treat an iron deficient infant who was not identified.

Hemoglobin:

For this population with a negligible amount of hemaglobinopathy, hemoglobin is
likely a reliable measure of iron status. There is some contribution to lower HB levels
from the effect of concomitant illness on hemoglobin levels. Most of the HB decline,
however is likely due to [D. This study demonstrated that HB was the best predictor of a
subsequent rise in HB with iron fortification. This is consistent with the findings of

Others 27,161,162

Mean Corpuscular Volume:

The results for the MCV analysis 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 fL. would seem to be too low to use for the identification of deficient
individuals. One possible explanation for the need for a higher cut-off for MCV within
this population could be that there may be more individuals with macrocytosis, (larger
red blood cells). 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 would appear then that the poor
performance of the lower cut-off is not that there are larger red blood cells within this
population.

In the study of Inuit children from Keewatin, the unexpected amount of
macrocytosis was thought to be due to a technical limitation of the method involving the
calculation from hematocrit divided by red blood cell count.? For the data used in this
thesis, MCV was measured directly with a coulter counter, and therefore technical
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, (SF):

The observation that different tests seem to measure different 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 all 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, often identified more
individuals as deficient than SF and there is no reason to believe that these individuals
were not deficient, (false-positives).

SF may have failed to identify those who were identified by other tests as having
low iron status because their values were elevated on the basis of inflammation. 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 also possible that in all of the comparisons, SF
performed less well than expected because the reference tests were each limited in their
ability to discriminate the children with ID from the others. One could argue that the
power of a superior test is hidden when measured with reference to inferior tests. This is
unlikely to be the case, however, because a series of tests were used in combination to
identify the most number of deficient individuals for reference purposes, (ie.
hematological definition of deficiency, using HB, MCV, RDW).

Another explanation for the poor performance of SF is that iron-fortification
administered before the first 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 from other sources could elevate the SF even before there was a sustained
supply of iron necessary for hematopoesis (hemoglobin and red blood cell building). This
is unlikely because the iron was administered from at least four months before the first

blood sample.

Transferrin Saturation, (TS):

On the basis of the estimated prevalence, TS actually 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 compartment theory since SF
should always be the first to fall and we wouldn’t expect a differential “inflammation
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effect” at the age of 6 months.

TS has the most similarity with HB as seen in the display of hemoglobin groups,
the correlation coefficients and the ROC analysis of biochemical versus 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 being less expensive than SF, and
unlike hematological specimens, can be transported for analysis. Both SF and TS posses
day-to-day variability although TS is known to be more variable.

TS also demonstrated the effect of iron-fortification when different arms of the
RCT were compared with each other. Its estimated sensitivity and specificity were
consistent between tests and over time. (The only test slightly more consistently sensitive
was RDW.)

These findings are consistent with Valberg et al, who found that TS identified the
largest number of children as deficient.® It is also similar to the study by Hershko et al,
who found TS to be the superior test and found a spread of Pearson Correlation
Coefficients almost identical to the ones presented in this study.*® Others 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:

[t 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 called Decision
Analysis.% Space will necessitate only a brief outline of the general principles.

The best cut-off point for transition from a negative to a positive test is a function
of three quantities.'* 1. NetCost of a mistaken intervention after a false positive test
result for someone who is healthy. 2. NetBenefit, which is the gain to someone with
disease from being correctly treated compared to remaining in the untreated state. And 3.

Pretest Probability (p), (or prevalence). The formula which governs these three factors is:

NetCost
x1 -

Sl OCcurve =—————
opeofR ¢ NetBenefit

R

There have been 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 difficult.
Within a high prevalence population, the chance that a positive test is a true-positive is
high, (high positive predictive value). Partly because of the effect of high prevalence,
direct costs of testing and treating an individual with a false 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 problem in estimating the
beneficial cost since it has not been conclusively demonstrated that ID as well as [DA is
associated with psychomotor delay which may or may not be reversible. The projection
of the future impact of these possibly permanent neurologic sequelae is difficult to factor
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but could be high. Regardless of the specific economic details however, one could safely
argue for a very inclusive cut-off so that 2 maximum number of children who could
potentially benefit receive the innocuous iron supplementation. By extension, a strategy
where all children receive iron-supplemented formula or breast-milk, followed by iron
fortified foods will be discussed below.

Cut-off Independent Methods of Comparison:

The role of a ROC methodology which is a cut-off independent assessment
technique was demonstrated. The curve comparison may, have been more conclusive if a
truly external “gold standard” were available.

Specific Cut-off Calculations:

The literature describes a range of cut-offs for FEP, (30, 35, 45 and 65 ug/dl or
0.53,0.61, 0.80 and 1.15 umol/L).5048164.165 The data from this thesis support the use of
0.61 pmol/L 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 regarding
screening for [D within urban and remote aboriginal communities. The differences

between these groups must be accounted for when considering health programs. As a
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health determinant, socioeconomic 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 than the general Canadian 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 substantially more
deprived than other segments of the population and multiple socioeconomic factors
contribute to ill health including anemia.

While this study was conducted on aboriginal infants, its results are applicable to
any population of infants of low socioeconomic status. Although the data originate from
an urban-core area population of infants, those from rural or isolated areas would likely

have had similar test results as long as their dietary pattern was not significantly different.

Ethnic Variation:

We have no reason to expect an ethnic difference in the performance of the iron
tests with the exception that there is still debate about the normal hemoglobin levels of
black children.*® For Asian, Mediterranean, Black or other infants with a higher
prevalence of hemoglobinopathies, screening with hematological tests may not be as

specific as the biochemical tests and therefore these results are not directly applicable.
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Groups with Similar Nutritional Profiles:

The performance of iron tests has been evaluated in a population of infants
receiving artificial cow-milk formula essentially from birth. The group of study infants
included those with a wide range of iron status. Half of the infants in the study received
iron-fortified formula and the other half non-fortified 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 arms was not different as seen in both the
mean values, (and the prevalence estimates). It is therefore most reasonable to assume
that similar test performance can be expected amongst any infants receiving artificial
formula.

Traditional aboriginal diets were high in some iron-containing foods although the
iron content was often sporadic.'>® The experience of children within urban and isolated
aboriginal communities is a tendency toward highly pre-prepared, iron-poor foods.s-'%
This situation is sometimes more severe in remote areas because of the more limited food
choices available.'” Because solid foods which contain iron were introduced to the
infants participating in this study, the results of this thesis can be generalized to infants
with a diverse range of intakes.

Because we know that breast-feeding reduces the likelihood of iron deficiency,
the rate of breast-feeding in a community would affect the prevalence of iron deficiency.
This population of urban aboriginal infants has a low breast-feeding rate. Although the
overall Canadian rate of women breast-feeding at 6 months is less than 50%, the rate in
urban and remote aboriginal communities is even lower. The feeding method of choice
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for aboriginal infants for economical and convenience reasons, is evaporated milk, which,
while heat denatured and pasturized, does not possess any significant amount of
absorbable iron. Aside from the effect of the difference in prevalence there is no strong
reason to conclude that these tests would perform much differently in infants fed

evaporated milk or in breast-fed infants.

Screening Program Recommendations:

Cost Considerations:

The reader should consider the potential costs of implementing a screening
program. In addition to the laboratory costs of testing, other expenses include the physical
and human resources necessary to coordinate individuals to attend for testing, have blood
samples drawn and report the laboratory result. Further costs include those incurred once
a sub-population with ID is identified: coordination of heaith care visits, explanation of
test results, administration of iron and retesting. When the prevalence 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 alternate program of universal iron-
fortification of infant formula. 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 biochemical tests, SF and TS, are estimated to be $3.50 and
$7.00 respectively. (Personal communication, Ms. Elizabeth Stockl, supervisor Cadham
laboratory, February 28, 1997.) Altematively the schedule of payments to private
laboratories by Manitoba Health Services Commission (MHSC) provide different
estimates: $32.65 and $24.00 respectively. FEP determinations are not performed by
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Cadham laboratory and MHSC does not have a payment schedule for FEP but I received
an estimation that it would be in the range of the other, above mentioned, biochemical
tests.

By comparison, for the hematologic assessment 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 screening program using hematololgic tests would be
much less expensive. For an isolated setting, one would also need to weigh the cost of a
combined approach (HB plus a biochemical test) test with the perceived benefits of a
multiple test strategy.

All of the above costs should be considered when a screening strategy is
contrasted with one of primary prevention. These costs would include providing human
resources to promote better nutrition, include breast-feeding support and the provision of
iron-fortified formula or solid foods to all infants in the population. It should also include

iron supplementation and nutritional counseling to pregnant women.

Recommendations:

The objectives of this thesis were twofold:

1. To address the question of which test or series of tests can 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 aboriginal
communities.

A population assessment, or community survey is an important step toward
addressing the health of infants within a community. Population health rather than
individual diagnosis is a challenging 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 financial resources and practical details within
urban and remote Manitoba settings dictate a more practical approach. Within many
communities the prevalence of ID is unknown, though likely high. As with most of the
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cited population studies, the prevalence of significant ID is likely higher than the
prevalence of IDA.

In order to maximize detection of those with pre-anemic deficiency a multiple test
approach is recommended. In urban settings this would likely mean using a composite
hematologic profile such as provided by a coulter counter, (ie. HB <110 g/L or MCV <
74 or RDW > 14%). In more remote settings, a photometrically determined HB could be
supplemented by one biochemical test. A capillary sample would suffice for both locally
determined HB and a FEP sample transported to a major center. Although the
biochemical tests SF and TS could be used, 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 been conventionally directed at the 9 month infant.
This may result in an unnecessary 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 factors. There is likely a high prevalence of maternal
[D and although this was not previously thought to contribute to infant ID,"*'7 it has
increasingly been recognized as an important factor.'>'”"-'”2 [ntrapartum events such as
early cord clamping at delivery may contribute to a reduction in the iron endowment of
infants.'”

An alternate program of primary prevention can be recommended. Since the
estimated prevalence is so high it would be advisable that all infants receive breast-milk
or iron fortified formula. The breast fed infants could be supplemented with fortified
foods after 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 recommendations.'#314%17* An evaluation of this approach using

a composite testing strategy during its implementation is also recommended.
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Figure 1.

Three Body Compartments of Iron.'”’
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Figure 2.
Three Stages of Iron Deficiency
Adapted from Heinrich, 1970.*
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Figure 3.

Three Compartments, Stages and Tests of Iron Deficiency.'™
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Figure 4.
Schematic representation of the relationship of iron tests to the different body iron
pools, (adapted from Bothwell, 1966).'
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o3 7 RDW =atbicd
;o N A\
o ( d g /
]v MCV =ctdtett
-‘ —
. o
~ T
& HB =b+d+fsg
\'\__//

Tests in Parallel (inclusive combination)
ie. HB or RDW = b+d+f+g+atc

or “Maximal hematologic deficiency definition™,
HB or MCV or RDW = at+b+c+d+e+f+g

Tests in Series (restrictive combination)
ie. HB and RDW =b+d

Figure S.
Venn Diagram illustrating which groups of individuals are identified by tests used in
parallel or series.
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Figure 6.

Selecting a cut-off point from a distribution.
Adapted from Wilson and Jungner, 1968.'#
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Line of no information

True Positive Rate |

1
1-Specificity, (false positive rate)

Figure 7.
Sample Receiver Operator Characteristic Curve, (ROC).
Adapted from Sackett, 1991.'%°
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All infants

i . |
enrolled by | 451 eligible '
2 months of age

| INTERVENTION

INTERVENTION ’ 323 refused /
with iron supplemented s
or regular formula =» L =»145 not found
Sociodemographic ‘ L
data collected | 283 enrolled By 2 months Randomized to iron fortified
at enrollment or unfortified formula

=327 moved/lost

Blood tests not taken “»16 withdrew

until after at least =59 withdrawn .
4 months of formula =33 failed to comply

=>16 stopped because of alleged

First blood ; formula intolerance
sample < | 224 at 6 mo. ->2 died S.LD.S.
i’ | =»1 removed from this analysis

Second blood f | because SF value uninterpretable
sample > 1203 at 9 mo. |

: ; : j
Third blood 185 at 12 mo. |
sample <> |
Final blood } |
sample => 153 at 15 mo. |

Figure 8.
Flow Chart of Data Collection

Adapted from Randomized Controlled Trial, Moffatt 1994.
(Progress of time measured from top to bottom of figure)'"
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Assessment Time

6 month 9 month 12 month 15 month
HBIL HB2 HB3 HB4
MCV1 MCV2 MCV3 MCV4
RDW1 RDW?2 RDW3 RDW4
Iron
Test FEPI FEP2 FEP3 FEP4
SF1 SF2 SF3 SF4
TSI TS2 TS3 TS4
1. Italic Cross sectional analysis at the 6 month assessment
5. Underline Exam.matwn of trends in the group’s iron status
over time
Relationship between an individual’s test at the 6 month
3. Bold assessment and another iron test(s) at a subsequent assessment
4. Any of the above analysis performed separately according to treatment
group
Figure 9
Data structure perspectives.
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single partnership extended family  extended family foster
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Figure 10.

Family status, from total sample.
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Figure 11.
Mothers’ educational level, from total sample..
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Figure 12.

Mean test values for total group.

Horizontal line = chosen “cut-off” value used for subsequent analysis
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Mean test values by treatment group.
horizontal line = “cut-off” value chosen from literature
for subsequent analysis
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- = rf"‘:k{
80 - E;gl“éa 0 110 120 130 "% w10 10 70
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230, | i s, N
S 20 = | - 1] — = |
3 | 151 i
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== 11| | ot S 1 B
° T w00 0120 130 055 @ 100 10 120 130
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0‘5 . E—"—_I III ’il 5 | m o
oLl . , | L , i
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f 80 90 100 110 120 130
hemoglobin classes g/L ) hemogiobin classes g/
Figure 14.

Mean test scores + 1 SD within HB clusters,
(understanding tests in relation to HB)

*80 = <90, 90 = <100, 100 =<110, 110 =<120, 120 =<130 and 130 =>130

horizontal arrow indicates “cut-off” point suggested from this analysis
(from top of HB = 110 bar)

112




(4]
o

F-3
(=]

% of total with 1D

70 71 72 73 74 75 76
MCYV "cut-off” vaiue fl.

e
it
"

% of total with ID
N w H
O O ©o
|

-t
o

o

053 061

0.8 1.15
FEP "cut-off” value umol/L

Figure 15.
Effect on prevalence estimates of varying the “cut-off points for MCV and FEP
displayed for total and by treatment groups for the 9 month assessment age.
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Figure 16.

Estimated prevalence of ID as determined by each iron test
according to published “cut-off” values,
grouped by assessment age.

HB <110 g/L, MCV <74 fL, RDW > 14.5 %,

FEP > 0.62 pumoVl/L, SF < 12 pg/L, TS < 10%

114

TS




iy 1
5 s b- . [
220 £ P -2t -
; % - L T e
smo 9 mo 12mo 15 mo Smo 9mo 12 mo 15mo
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Figure 17.

Estimated prevalence of ID as determined by each iron test
according to published “cut-off” values,

grouped by test.

HB <110 g/, MCV <74 fL, RDW > 14.5 %,
FEP > 0.62 pmol/L, SF < 12 pg/L, TS < 10%

115




sensitivity

2
1
’
1,
: X 3 L — ] | 4
A § T L — T

O 02 04 06 08 1
1-specificity
Figure 18.

Receiver Operator Curve, (ROC), of 9 month tests’
capacity to predict HB <110 g/L at 12 months:
HB, SF and TS.

(Analysis conducted on entire group.)
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Figure 19

Receiver Operator Curve, (ROC) of biochemical tests with “maximal” hematologic
reference (HB <110 g/L, MCV <74 fL. and RDW > 14%) at all four assessment ages

117



i e

".-f,".’l»?‘q“‘};‘}‘?;:_;;!umx(m Y N LE,
] X

a | - MGV : ' . RER 8§ b RN [
Biology -Principle O, -cells decrease in size | variation in cell size | -HB precursor r -storage iron -only iron transport
Carrying Protein in with ID* with latent ID -surplus FEP in ID I pug/L SF=10mg® | protein
red blood cells
Method -1.Electronic particle | -1 Electronic counter | - volume distribution | -spectrofluorometer | -radioimmunoassay -automated
counter (coulter) - 2, Indirect curve of the RBC -micromethod of 19727 biochemical analyzer
-2. Photometric MCV=HCT/RBC through a range of Piomelli® =Serum Iron + Total
(portable) (centrifuged tubes + | microapertures Iron Binding Capacity
optically read RBC) (TIBC) x 100
Advantages | -inexpensive -earlier than HB -earlier than HB -capillary sample -reflect iron stores -well siudied
-has been the defacto | -available from -available from ~reliable throughout a wide -transports wellron
standard multichannel multichannel -reproducable range of iron status status and ages?
-neurodevelopmental | electronic analyzer electronic analyzer -relatively -trends away from the | -responds
delay only correlated | with HB with HB inexpensive direction of deficiency | immediately™”
with low HB - population with p -established in pop | with inflammation/
Thalassemia® screening of lead infection®
Limitations | -HB decline is a late | -elevated in presence | -cormrelates inversely | -elevated in anemia | -marked elevations ~TIBC elevated in
finding in ID of B,, or Folate, with body iron of chronic illness (>S0pg/L with fever®!
-prevalence of therefore not specific | status' and infections ** | inflammation)'**"'7* | -variableless accurate
hemoglobinopathies | -normal values -slow to reflect -elevated in in pregnancy *°
limit specificity change with age developing ID"! hemolytic anemia, -elevated in fever *
-normal values sideroblastic -some doubt its
change with age anemia, accuracy in first
-ethnic differences in protoporphyria® months of life* lead
black infants**4-'7* -elevated in poisoning®
-(no aboriginal diff)*
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I Y i Sl e s T R g s e
s EA i s ?; SRR [T (. RE“W Fodif ;‘:‘ngl! itk
Published -usually this is the -50% detection of -83.3, -4,160 children at -validated in
estimates of | reference test blood donors with (specif=57.7)'% cutoff 35 pg/dl hospitalized BM
sensitivity / low TS *# compared with SF | patients®”!
specificity -low compared to <15 pg/L = 88% -more sens than MCV
phlebotomy * (100 (incl 10% in NHANES 1 ¥
slow?)* aboriginal) -ROC AUC
-90 and 53.8'%
Recommend | """ -main screening -Mahu"” -popular screening | -meta-analysis of -superior to SF?%,
ed as test®\78 -benefit over SF* test  (especially 1,179 articles (55 with
Primary when it used to also | Bone Marrow
Screening be used to screen comparison)'’
by for Lead ¢ -Ontario Assc Med
Lab®
-superior to
TS'M,JZ.IJ. 133
Stage of -last -middle (latent) -preanemic -pre-anemic ** -iron stores, earliest -preanemic
Deficiency measure
First -last century -early this century 197458 -role in heme 19728707 mid century
Described synthesis 1930%
-accurate testing
1970%
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-insignificant day to | -Direct, quite -as reliable as coulter | -micromethod -unacceptable day-to- | -diurnal var, 20%’
day or within day®’® | repeatable counter correlation (r=0.98) | day variation® -no diurnal var, prior to
-diurnal variation 3- | -Indirect with classical -3-10 independen age 3 years”
5% of moming (unacceptable method® -unacceptably high
values’ optically read RBC -lease amount of variance®’¥
-less with coulter Cv =19 within-person- -3-10 measurements
counter** variance of all tests req. To accurately
-with photometer (NHANES) determine values*®
CV=13-5.282% -Capillary var, only
25¢gL) slightly higher than
venous** %9
Limitations | -HB, only late in ID | -elevated in presence | -correlates inversely | -1 in chronic illness | -marked elevations ;;I‘IBC elevated in fever
-hemoglobinopathies | of B, or Folate, With body iron status | and infections *** | (>50pg/L with .
limit specificity therefore not specific -also hemolytic inflammation)'*"'% ~less accura;e n
-normal values -normal values -slow to reflcct" anemia, sidero- pregnancy ™
change with age change with age developing ID blastic anem, -Some dm,'bt its
-ethnic differences in | -cost and size of protoporphyria® accuracy m'ﬁr'.r:t
black infants 7*4%V7% | multichannel coulter months of life
not aboriginals % -too variable with
other methods
Cost ~$3.00 Comes with HB comes with HB $3.00-$15.00 $4.00 - $32.00 $7.00-17.00
units -gram per Liter (g/L) | -femtoliters (fL) = % <30 pg /dl of blood | -pg/L %
-some report as 10°** Liters -0.8 umol/L blood
number of SD from (all ages)'”
age appropriate mean 0,62 pmol/L. blood
value (to allow =75 p/dl rbe
comparison across -3ug/g HB?*
ages)™
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i

Mackay ‘28'2

HB
Guest 1930s Cincinnati poor children 1735 HB 30%
Guest 1950s'2 Cincinnati | poor children 30%
Katzman °68'* | New Haven | ethnically diverse HB 12.5%
10-36 month
Yip ¢75'% us low income HB 7.8%
Yip ‘85 uUs low income HB 2.9%
Dallman et al. San children of US HB 25%
‘g1 Francisco army
Haddy °74'* Michigan low income TS<i6 + 50%
HB<110
Lehmann et al Montreal low income 220 SF<10 and 25%
9255 HB <115 or (SF <10 in 37%)
MCV <72
Derman et al South HB (57%)
“78™ Africa SF 70%
Grant, ‘90°7 [reland rural preschool SF <12 17%
Duggan ‘91'"! Sheffield Asian babies SF <10 35%
Table 2.

Summary of prevalence studies of infants with low socioeconomic status .
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Scottetal Adult Inuit 7ns mean HB
‘55'% <white contri
Scott and Arctic men and 422 HB 24%M
Heller ‘64'® women 26%F
Cruz “90'* infants 6-23 HB <110 40-50%
mo (1960)

Maynard & Children from | 643 HB low HB compared
Hammes ‘60- 43 Inuit villag. to controls
’62!!5
Valberg ‘79% Yukon and children 1-4 TS <16 47%

NWT SF <10 21%
Hoffer <78'% James Bay aduits HCT and TS lower than the

Cree rest of Canada
Margolis et al | Bristol Bay 6 mo-17 yrs 344 HB' 5g/L 69%
‘817 SW Alaska Inuit HB? 10 g/L 43%

SF<10 45%
TS, FEP 35%, 70%

MMRW “88'*7 | Yukon- children 83 SF <10 65%

Kuskokwim 352 age HB <115 4.3%

Delta 6-11
Sellers et al Keewatin, Cen | children 331 HB <100 40%
L5888 Arctic
Moffatt et al Keewatin HB high prevalence

‘90-9 I 189
Millar *51'% infants 6-24 HB 73-85%
mo
Table 3.

Summary of prevalence studies of aboriginal infants.
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age " HB |+ |Mcv RDW | FEP Ise | [7s |

63 |5 |10 110 107 84 104 93

G581 |7 217 211 =170 |— 203 —— 184 }—

107 107 104 36 % 91

95 |0 |98 98 % 80 08 ‘
@6126) | 195 192 163 | 194 F 172

97 97 % 8 96 88

127 |, |88 88 88 75 87 76
(1L.7-14.7) | 4 174 172 150 1 173 155

86 86 84 75 86 79

158 |5 |78 78 78 70 79 7
(14.6-20.5) | ¢ 155 155 143 153 144

77 77 77 73 74 73

1 Mean age in months (range). Text of thesis will approximate these to 6, 9, 12, and 15 months.

1 Number who received iron-fortified formula over the number who received regular formula.

Table 4.
Numbers of lab values available for analysis (total and by treatment group)
at each assessment age.
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B, T
b= e
|

-0.19204

HB 1 0.41018 | -0.47401 0.21177 | 0.3791
*p’ value) 0 0 0 0.0141 0.0032 0
n 195 195 | 192 | 163 |. 192 | 172
MCV | 041018 1 -0.62236 | -0.49391 | 0.46964 | 0.42619
*p’ value 0 0 0 0 0 0
n 195 185 192 | 163 | 192 |- 172
RDW | -0.47401 | -0.62236 1 0.54268 | -0.41718 | -0.40667
“p” vaiue 0 0 0 0 0
n 192 192 | 182 | 161 189 170
FEP |-0.19204 | -0.49391 | -0.41718 | -0.32324 1 0.21023
“p"vaiue | (.0141 0 0 0 0 0.0056
n 163 163 161 163 163 162
SFL™ | 0.21177 | 0.46964 | -0.41718 | -0.32324 1 0.21023
“p~value | 0.0032 0 0 0 0 0.0056
n 192 192 189 163. 194 172
TS 0.3791 | 0.42619 | -0.40667 | -0.3225 | 0.21023 1
“p" value 0 0 0 0 0.0056 0
n 172 172 170 162 172 172
*Log of Serum Ferritin
Table §.

Pearson correlation coefficients for iron test values at the
9 month assessment
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ID present ID absent
Test + a b a+b
Test - [ d ctd
atc b+d total atbt+ctd
Sensitivity' = a/a+c
Specificity’ = d/b+d
MCV <74 MCV274
(D) (no [D)
HB <110 29 31 60
HB >110 26 109 135
(29 missing) 55 140 195
sensitivity = 29/55 = 52.7%
specificity = 109/140 = 77.9%
HB <110 HB 2110 (no
(ID) D)
MCV <70 29 26 55
MCV270 31 109 140
(7 missing) 60 135 195

sensitivity = 29/60 = 48.3%
specificity = 109/135 = 80.7%

Table 6.

Outline of estimated sensitivity and specificity calculations.
Example: HB and MCV at the 9 month assessment
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% = sensitivity from 2 x 2 table

60 55 69 71 85 64
52.1% 53.6% - 40.9% 36.1% 50.0%
(29) (37 (29) (30 (32)
48.3% 55.1% 52.1% 42.2% 56.3%
29 (38) 37 (35) (36)
61.7% 69.1% 58.6% 54.9% 59.4%
) (38) @1 (45) (38)
55.8% 75.5% 65.1% 52.1% 60.7%
29) 37 (41) (38) 37
50.9% 63.6% 652% 53.5% 54.1%
(30) (35) (45) (38) (33)
58.2% 70.6 57.6% 52.1% 44.9%
(32) (36) (38) 37 335)

() = number of infants identified as deficient by both criteria

* thresholds used: HB <110 g/L, MCV<74 fL, RDW >14.5%, FEP >0.62 umol/L, SF<I2 pg/L,
TS<10%

Top row designates the “gold standard” for comparison
Second row lists number identified with ID using that “gold standard”

Table 7.

Estimated sepsitivity table
from the nine month assessment.
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135 140 123 2 109 108

77.9% 81.3% 75% 73.4% 78.7%

(109) (100) (69) (80) (85)

80.7% 862% 87.0% 81.7% 86.1%

(109) (106) (80) (89) (93)

75.8% 77.4% 75.8% 77.6% 73.6%

= oo (106) © ®3) (78)

FEP | 622% 702% 70.4% 63.3% 66.3%

(69) (80) 69) (€1 67

SE- ;| 602% 64.9% 69.2% 62.0% 60.2%

. - (80) (89) (83) &) (65)
Crset | 72.7% 76.9% 75.0% 73.6% 69.2%
(85) (93) (78) (67) (65)

% = specificity from 2 x 2 table
() = number of infants identified as deficient by both criteria

* thresholds used: HB <110 g/L, MCV<74 fL, RDW >14.5%, FEP >0.62 umol/L, SF<12 pg/L,
TS<10%.

Top row designates the “gold standard” for comparison
Second row lists number identified with [D using that “gold standard”

Table 8.
Estimated specificity table

from the nine month assessment.

128



n m+ | ID- AUC SE of 95% CI zs n |

\

- PR ——— . - - - = — - ,‘
HB6 110 36 74 | 06845 | 00517 [ os831- | 3.1354 | 00017 |
0.7859 | |

HB 9 98 25 | 713 | oesas | ooser | ososi- | 20028 | o04s2 |
' 4 1 1 lomwe ] | |
MCV6 | 110 | 36 | 74 | 04747 | oosss | o03se3- | 04321 | o656 |
0.5900 -
Mcvo | 98 25 | 73 | os416 | 00653 | 04136- | 06229 | 05334
1 L 1 | 06697
ROW6 | 107 | 36 | 71 | os704 | 00593 | 04541-
0.6867
RDW9 | 96 25 | 71 | 0538 | 00639 | 04136
. IS I I
FEP 6 84 28 | 56 | o0s003 | 00715 | o03601-
0.6405
FEP 9 80 22 | s8 | osi4t | 00718 | 03734
—l
SF 6 104 | 35 | 69 | 04126 | 00602 | 02946
0.5306
SF9 98 25 | 73 | o048 | 00682 | 02782-
| N 0.5454
TS 6 93 32 | 61 | 05914 | 00645 | 0.4650-
0.7179

TS9 84 22 62 0.5799 0.0702 0.4424-

*Largest AUC, (TS next o
§ Z score is the difference between the AUC and the line of “no information”

Table 9.
Results of ROC analysis: AUC of Iron Tests at 6 and 9 months.
Ability to predict a rise in HB of 5 g/L at the next assessment interval
in response to the iron-fortification of formula
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0.7635

RDW 167 38 129 0.7028 0.0476 0.6095- 3.875 0
0.7961

FEP 141 32 109 0.6319 0.0568 0.5206- 2.2949 0.0217
0.7432

SF 169 38 131 0.7056 0.0498 0.6081- 3.8577 0

0.8031

0.7472

0.6598

*AUC of HB at 9 months significantly different from TS or SF, chi square = 6.6430 2df p,=0.0361
§ Z score is the difference between the AUC and the line of “no information”
1 “anemia” defined as HB value at 12 months less than 110 g/L
t 5 children treated with extra iron included in this analysis

Iron tests at 9 month visit; Ability to “predict” anemia at 12 months.™

Table 10.



test, mo. # ID+ #ID - total AUC se Y Al P2
HB 6 66 135 | 201 | 06899 | o048 | 43mi | o
HB9 83 | 109 | 192 | o6z | ooss | 20038 | o004
HBI2 70 [ 102 172 | os614 | ooass [ k3686 | 01711
HB 15 59 | o 150 | .0658. | 00449 | 3268 . | 0.001
MCV 6 66 Bs | 20 07167 | o039 | so0s3 | o
MCV 9 83 109 192 [ 07149 00379 | sii27T 0
MCV 12 70 102 172 | 06263 | 00432 23241 | 0.005
MCV 15 59 91 150 0.6739. 0.0437 | 3.6047. . 0
RDW 6 64 131 195 | oeu9 | ooss | 3363 0
RDW 9 82 107 189 0.6765 00403 | 42458 | o
RDW 12 69 101 170 0.5915 0.0448 20696 | 0.0385
RDW L5 59 91 150 06162 | 0.0469 24636 | 0.0138
FEP 6 59 108 167 06877 | 00431 4.0471 0
FEP 9 73 90 163 0.6016 0.0449 22575 | 0.024
=3 58 92 150 0.5956 0.048 19901 | 0.0466
| FEP 15 59 83 142 0.622 0.0479 25072 | 0.0122
TS 6 60 121 181 06456 | o0o04a18 | 31888 | o.001
TS 9 78 94 172 0.5996 0.0432 22487 | o0.0245
TS 12 60 95 155 0.5936 0.0472 1962 | 0.0498
TS 15 57 86 143 0.6382 0.0466 2.7963 0.005

§Z statistic: the measurement of the difference between the AUC and the nuil hypothesis AUC=0.5, “line
of no information”

Table 11.
ROC calculations of AUC for iron tests with ferritin below 12ug/L as
a “gold standard”.
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FEP SF TS 3 way comparison
age | AUC SE AUC SE AUC SE 22df | 2tilp
mo.

6 0.6712 0.0436 06567 | o0o4sa § o764 § o004 | ssu3 | oo6s
9 0.6623 0.0425 0.7009 | 00407 | 06765 | 0.045 | 04985 | 0.7794
12 0.6241 0.0458 07047 | 00438 | o688 | 0.044 | 19059 | 0.3856
15 0.684 0.0451 0.6437 | 00478 | 07208 | 0.045 | 1.7585 | 04151

ttwo way comparison TS vs. FEP x> =4.1285 1df 2 tailed p = 0.0422

TS vs. SF »x* =4.5231 | df 2 tailed p = 0.0334

Table 12.
Summary of areas under the ROC curve.
Three biochemical tests with reference to a maximal hematological definition of ID:
HB <110 g/, MCV <74 fL. and RDW > 14 %
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“definitional
statement™®

sfauc and
se

fep auc and

deficient se

HB<110
MCV<70

HB <110

0.5962
0.0468

0.5801
00450

75/158

77/158

HB<110 77/154 0.5955 0.6100 0.7213. 6.3269 0.0423
MCV<70 0.0453 0.0465 0.0408

RDW>18

HB<110 97/154 0.6521 0.6113 0.7468 63547 0.0417
MCV<70 0.0446 00468 0.0409

RDW>14

HB <110

RDW>14

MCV <74

103/154

$"definitional statement” using a combination of reference standards with differing cutoff points

Table 13.
Three way comparison of correlated ROC curves of biochemical tests
with reference to a hematologic definition of deficiency.

Effect of varying the hematologic definitional statement of deficiency.

All calculations on the 6 month assessment lab results
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2-tailed alpha Stastical Power Beta Normal subjects: Abnormal
subjects:
5% 80% 20% 154 154
5% 90% 10% 204 204
5% 95% 5% 250 250
2.5% 80% 20% 188 188
2.5% 90% 10% 242 242
2.5% 95% 5% 292 292
1% 80% 20% 231 231
1% 90% 10% 291 291
1% 95% 5% 346 346

Deficiency defined by the most inclusive hematologic definition of deficiency
HB <110 gm/L, MCV <74 fL and RDW >14%.

Table 14.

Power comparison of AUC difference between SF and TS at 6 months ability to
diagnose ID compared with a maximal hematologic definition (AUC = 0.6567
and 0.7764 respectively).
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Appendix 1: Coulter Counter methodology:

These multichannel analyzers combine several different types of tests within a
specific machine. The hemoglobin is determined by the cyanmethemoglobin method. The
addition of cyanide results 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 cells of different sizes with a 256
channel pulse height discriminator as they pass through 3 separate microapertures from
36 to 360 fL (femtoliters= 10" liters). In the same way the red blood cells are counted
directly to produce the Red Blood Cell Count (RBC). The internal computer then
generates a red cell histogram, (frequency of different sizes of cells), from which the Red
Blood Cell 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 reliable determination than the older method where
MCV, rather than being measured, is calculated from the RBC and Hematocrit. The
hematocrit (Hct) is the height of the column of cells measured directly after
centrifugation in Wintrobe tubes or smaller glass columns. RBC can be measured using
the turbidity of the blood sample measured with a photometer. The MCV is then

calculated using the formula MCV = HCT x 1000/RBC. RDW is not available. The
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alternate method for HB measurement is through a portable photometer with acceptable

though less variability than an electronic particle counter.
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Appendix IT

Methedologic and Practical Problems with Portable Hematologic Equipment:

Coulter counter methodology has been shown to be reliable. Alternate
methodologies can involve substantially more variation.” In the Keewatin Area Health
Study it was decided that an electronic particle counter would be too expensive and
would not travel well. In its place they used a portable machine called “AMES™
MINILAB?". This micro processor-controlled 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
Coulter STKR had a satisfactory coefficient of variation (CV=) 5.28.% There was some
question of the accuracy of hemoglobin measurement with capillary samples which some
have reported as producing lower values than venous samples.’” In a comparable
population survey conducted in Alaska, Margolis et al. used venous samples and a similar
portable photometer arriving at a CV=1.3% and a variation of 2.5 g/L. This was cited as
similar to values obtained in two other calibration experiments.?’

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 cell count. Hematocrit was measured using the Ames MICROSPIN and was
determined to be accurate in an evaluation conducted by the Winnipeg Health Sciences

Centre Laboratory.?The measurement of the red blood cell count was conducted using an
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optical reader but resulted in a CV = 19% which adversely affected the reliability of the
MCYV values. Application of this methodology to other than HB testing in remote

locations has limited reliability.
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Appendix ITI: Glossary of Abbreviations

AUC area under the curve

FEP free erythrocyte protoporphyrin or protoporphyrin
fL femtoliters =10 Liters

HB hemoglobin

HCT hematocrit

HSC Health Science Center

ID iron deficiency

IDA iron deficiency anemia

INACG international anemia consulting group

MCHC mean corpuscular hemoglobin concentration
MCV mean corpuscular hemoglobin

NHANES national health and nutrition examination survey
RCT randomized controlled trial

RCT randomized controlled clinical trial

RDW red blood cell distribution width

ROC receiver operator curve

SD standard deviation

SF serum ferritin

TS transferrin saturation

Z score significance of difference between AUC and “line of no information”
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Appendix IV Calculation of Normal from NHANES 11

Between 1976 and 1980 the Second National Health and Nutrition Survey
(NHANES II) was conducted in the USA.' It was a broad based sampling program of
27,801 individuals from 64 sampling areas using a probability sample which allowed
extrapolation to the entire US population. The sample design was a stratified, multistage
probability cluster of households throughout the US.*' Unfortunately because only 22
infants between 6 and 11 months were able to give venous blood samples and did not
have any exclusions based on illness or hemoglobinopathies these 22 were excluded.*

Individuals were excluded from the subject pool that was used to determine
“normal” if they had evidence of deficiency as defined by three abnormal 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 from a
Gaussian distribution even after logarithmic transformation). There were some limitations
of this approach for infants between 1 an 2 years of age because the small sample size
made for increased uncertainty about the 95% ranges. Of 122 subjects the median Hb

was 123 g/dl and 95% range (107 -138), for MCV 79 (67-88).
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